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PREFACE 


The  Investigations  of  the  air  flov  across  the  Sierra  Nevada  were 
started  at  UCLA  in  the  late  summer  of  1950.  Preliminary  experimental 
field  investigations  vith  sail  planes  were  made  in  tne  Ovens  Valley  during 
the  winter  of  1950-51/  and  a  aore  fully  developed  field  program  was  car¬ 
ried  out  during  the  folloving  season,  1951-52.  This  work  vas  undertaken 
Jointly  by  a  number  of  cooperating  agencies.  The  technical  aspects  of 
the  vorl:  have  been  described  in  earlier  technical  reports.  A  summary  is 
given  in  the  final  report  of  the  Sierra  Wave  Project,  Contract  No.  AF 
19(122) -263  which  vas  issued  in  July  195k.  This  report  also  discussed 
the  -v-iiiation  and  reduction  of  the  observational  data  as  far  as  it  had 
been  completed  at  tne  t 

The  further  analysis  of  the  observations  and  the  synoptic  a naiy»i  •. 
of  the  cross-mountain  flov  patterns  were  continued  under  the  present  con¬ 
tract  and  the  results  are  discussed  in  this  final  report.  Also  included 
(Chapter  6)  is  a  discussion  of  the  observations  from  a  later  field  in¬ 
vestigation  in  the  spring  of  1955/  which  vas  undertaken  under  a  separate 
project.  Contract  No.  19(6o4)-130Q.  The  analysis  vas  carried  out  Jointly 
by  Harold  Klieforth  and  Eirar  Hovind.  The  major  part  of  the  report  vhlch 
describes  and  discusses  the  data  reduction  and  the  analysed  flov  patterns 
has  been  vi  itten  by  Klieforth,  The  observed  turbulence  and  the  flight 
hazards  of  mountain  waves  are  discussed  by  Kuettner  in  Chapters  10  and 
11.  A  review  of  the  linear  theory  of  stationary  cross -mountain  flov,  in¬ 
cluding  comparison  of  the  theoretical  poo  dels  vith  the  observed  flov 
patterns  is  given  in  Chapter  12  by  Holmboe. 
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1.  TiE  CBBERVATJOHAL  DATA 


Introduction. 


In  this  chapter  is  presented  a  review  of  the  observations  made  on  the 
three  field  expeditions  of  the  Mountain  V.'ave  Project  from  1951  to  195 5 >  in¬ 
clusive.  All  of  the  explorations  vere  conducted  over  and  in  the  vicinity  of 
the  southern  or  Kigh  Sierra  in  eastern  California.  The  various  equipment  and 
observational  techniques,  particularly  the  use  of  sailplanes,  have  been  dis¬ 
cussed  in  detail  in  previous  reports  of  The  Southern  California  Soaring  Associ¬ 
ation  (S.C.S.A.)  in  1952  and  the  Meteorology  Department  of  the  University  of 
LOJUiuxiua  at  LOu  Angela:  (lT.C_I.-A- }  in  IQSh  and  1355.  In  the  fol  3n-wir.gr  sec¬ 
tions  are  summaries  of  the  data  with  mention  of  where  they  are  treated  in 
later  chapters.  A  brief  description  of  the  study  region  is  given  first. 


Physiography  of  the  Southern  Sierra  and  Owens  Valley  region . 


The  Sierra  Nevada  is  a  single,  unbroken  mountain  range  with  a  length  of 
about  400  miles  and  a  width  varying  from  50  to  80  miles  (Fig.  1.1).  Although 
the  range  extends  roughly  northwest- southeast  between  latitudes  35°  and  40° 

North,  the  main  crest  of  the  High  Sierra  which  borders  on  Owens  Valley  is  only 
about  14°  from  a  north- south  orientation.  In  this  southern  portion  of  the 
range  the  crest  1g  the  highest,  generally  about  19,000  feet,  and  with  nrar  ous 
peaks  rising  over  14,000  feet.  There  the  eastern  scarp  is  most  abrupt,  it  is 
remarkably  straight,  and  the  Owens  Valley,  to  the  east  at  an  average  elevation 
of  about  4,000  feet,  is  of  nearly  uniform  width  (Fig.  1.2). 

In  fora,  the  southern  Sierra  profile  is  strongly  asymmetric;  its  ap¬ 
pearance  has  been  likened  to  that  of  a  huge  ocean  wave  rolling  in  from  the 
vest.  The  western  slope  rises  gradually  in  rolling  foothills  from  the  San 
Joaquin  Valley  to  the  Jagged  peaks  which  form  the  crest  of  the  range.  The 
eastern  front,  one  of  the  greatest  escarpments  in  the  world,  towers  high  above 
the  Owens  Valley.  The  San  Joaquin,  Kings,  the  Kern,  and  other  rivers  have  cut 
deep  canyons  on  the  western  slope  while  on  the  eastern  slope  there  are  shorter, 
steeper  canyors.  The  high  country  has  been  sculptured  by  glaciation  and  in 
many  of  the  eastern  valleys  glacial  moraines  reach  nearly  to  the  Valley  floor. 
Volcanic  activity  has  formed  a  slight  constriction  of  leva  flows  and  cinder 
cones  in  the  central  portion  of  the  Owens  Valiev. 

The  east  wall  of  Owens  Valley  is  the  large  fault-block  range  known  as 
the  Inyo  Mountains  to  the  south  of  and  the  White  Mountains  to  the  north  of 
7,000  foot  Westgard  Pass.  The  Inyo  Mountains  have  an  average  elevation  of 
9,000  to  11,000  feet,  while  the  White  Mountains,  rivaling  the  Sierra  in  height, 
culminate  in  14,254  foot  White  Mountain  Peak  just  northeast  of  Bishop.  The 
western  slope  of  these  desert  mountains  is  a  fault  scarp  at  the  base  of  which 
the  Valley  reaches  its  lowest  elevation.  The  floor  of  the  eastern  side  of  the 
Valley  is  fairly  level  but  on  the  western  side  it  rises  in  a  broad  alluvial 
apron  to  about  6,000  feet  where  it  meets  the  steep  flanks  of  the  Sierra  (Fig.  1.3)- 

Near  Bishop  there  is  a  jog  in  the  Siena  crest;  the  highest  peaks  arc 
much  farther  vest  and  the  Valley  widens  considerably.  In  this,  the  northern 
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Fig.  1.4  •  Oc  of  the  Pritl-fWtd  MilflMti  »l  Uw  Bkakop  Airport  witfi  •>«  Mid  roll  cicada 
to  tlw  aorth. 


end  of  Owen*  Valley,  the  Sierra  erect  is  about  25  mile*  west  and  the  White 
Mountain*  about  10  sale*  east  of  the  center  of  the  Valley.  In  the  central 
portion  of  the  Valley  near  Independence  -  the  region  in  which  the  aerial  ex¬ 
ploration*  of  the  Project  were  made  -  the  width  of  the  Valley  1*  about  10 
miles  and  the  distance  free  the  crest  of  the  Sierra  to  the  crest  of  the  Inyo 
Mountains  is  about  18  miles  (Pig.  1.2).  In  the  latter  region  the  relative 
uniformity  and  simplicity  of  the  topographic  profile  make  it  nearly  ideal 
for  the  investigation  of  lee  wave  phenomena.  Por  an  east-vest  canyon  along 
which  to  measure  lee  side  pressure*  and  down-slope  winds,  the  topography  was 
less  favorable;  the  valleys  which  drain  the  east  side  of  the  Sierra  are  nar¬ 
row,  steep,  curving,  and  cjuite  unlike  the  broad,,  straight  glacial  valleys  of 
the  Alps  where  the  classical  fohn  observations  were  made.  The  valley  of 
Independence  Creek,  vest  of  Independence  and  east  of  Kearsarge  Pass,  was 
chosen. 


Sailplane  measurements. 


The  principal  tool  of  research  on  all  of  the  field  projects  of  this 
investigation  has  been  the  instrumented  sailplane.  The  greatest  assets  of 
the  sailplane  for  this  work  arc  its  relatively  slov  flying  speed,  its  in¬ 
dependence  of  power,  and  its  consequent  ability  to  measure  to  a  satisfactory 
degree  of  accuracy  the  vertical  and  horizontal  components  of  the  wind 
velocity.  It  was  the  science  and  sport  of  soaring  flight  that  first  explored 
and  made  known  the  gross  structure  of  the  Sierra  Wave  and  vho~>e  observations 
Instigated  the  initial  Sierra  Wave  Project.  The  use  of  the  sailplanes  in 
project  operations,  their  instrumentation,  and  the  data  obtained  from  these 
flights  have  been  discussed  in  detail  in  earlier  reports  given  as  references 
at  the  end  of  this  chapter.  Only  a  eunuury  of  that  information  is  given  here. 

In  the  fall  and  winter  of  1951*2  sailplanes  were  tracked  in  flights 
in  the  lee  flow  of  the  Sierra  by  a  network  of  3  photo-theodolites,  a  radar 
set,  and  a  Raydist  system.  Upwind,  downwind,  crossvind,  and  hovering  runs 
and  combinations  of  these  vere  chosen  to  traverse  the  various  parts  of  the 
lee  wave  flow  according  to  their  practicability  under  different  wind  and 
veather  conditions ,  The  locations  of  the  tracking  devices  and  the  region 
over  which  the  flights  vere  awde  are  shown  in  Pig.  1,2.  The  Pratt-Read 
sailplanes  used  (Fig.  1.4)  vere  tvo-place,  hau  a  vlngspread  of  50  feet,  and 
a  gross  weight  of  about  1,400  pounds.  The  principal  instruments  borne  by 
the  sailplane  vere  a  clock,  altimeter,  rate  of  climb  indicator,  outside  air 
thermometer,  airspeed  indicator,  direction  indicator,  and  accelerometer 
(Fig.  1.5).  The  dial  of  these  instruments  in  the  panel  of  the  sailplane  vere 
photographed  at  intervals  of  one  or  two  seconds  by  16  m  cameras  mounted 
behind  and  to  one  side  of  the  beads  of  the  tvo-man  crew  (Fig.  1.6).  Basic 
equipment  of  the  sailplanes  included  a  pressure  oxygen  breathing  system, 
instrument- flight  equipment,  radio  ccmnunication,  barograph,  nnd,  for  the 
crew,  warm  flying  suits,  parachutes,  and  oxygen  masks.  The  .  tracking 
measurements  of  the  3  theodolites  and  the  radar  aet  vere  recor-  «r>  syn¬ 
chronous  photographs  at  5* second  intervals  of  the  corresponding  ti  s  and 
instrument  dial  readings.  The  Raydist  tracking  data  vere  recorded  as  brush 
recordings  of  the  Raydist  system's  electronic  sigoals.  From  26  November, 

1951  to  30  March,  1952  there  vere  24  tracking  operations  and  ol  these  about 
50  per  cent  of  the  cases  have  yielded  useful  data  for  analysis.  A  complete 
description  of  these  data  and  their  reduction  are  given  in  Chapter  2,  and 
the  meteorological  analyses  in  Chapter  3> 
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The  very  brief  ilela  .  ea^o..  1.  am  22  March  to  6  /pril,  1954  accomplished 
two  isportant  result!  which  laid  the  groundwork  -  or,  sore  appropriately, 
"alrwork"  -  for  the  1955  investigation.  First,  a  combined  wave  exploration 
by  a  B-29  and  a  sailplane  on  29  1-larch  proved  the  feaalbillhy  of  a  new  aeesur- 
L.  s  techr—que.  Secondly,  a  sailplane  flight  on  4  April  to  35,000  faet 
altitude  over  the  (Vena  Valley  and  the  subsequent  cross-country  flight  to 
Las  Vegas  established  the  existence  and  movement  of  "Jetlets”  or  travelling 
wind  speed  maxima.  The  decisions  to  uas  powered  aircraft  in  a  acre  extensive 
field  progrea  and  to  investigate  the  relationship  of  the  Mountain  wave  to 
wind  velocity  aaxiaa  formed  the  basis  of  the  plan  for  the  new  project. 

In  the  spring  of  1955  sailplanes  were  again  employed  for  lee  wave 
observations,  gome  of  which  were  aade  in  conjunction  with  traverses  by  the 
instrumented  powered  aircraft.  The  sai  if  law  flights,  which  were  not  tracked, 
obtained  vertical  velocity  measurements  to  be  contained  with  the  mrirwinti 
of  temperature,  air  speed,  pressure,  and  wind  obtained  by  the  powered  planes. 
There  were  three  such  coetalned  operations  and  several  other  days  on  which  lee 
waves  were  explored  by  sailplanes  alone  and  for  which  soundings  and  observa¬ 
tions  were  thus  obtained.  The  majority  of  these  flights  reached  altitudes 
higher  than  4C, OX  feet.  In  i~l  the  .•’lights  of  all  'caions  the  sailplane 
data  consist  of  films  of  the  instrument  panel  and  the  reports  sad  observations 
of  the  crew. 


Powered  aircraft  data. 


During  the  last  two  months  of  the  1952  season  power  plane  flights  with 
an  attached  Meteorograph  were  made  in  the  lee  of  the  Sierra.  The  B-13  tow- 
plane  was  used,  taking  off  before  a  planned  .sailplane  tracking  flight,  to 
serve  the  dual  purpose  of  ascertaining  the  strength  of  the  developing  up¬ 
drafts  and  collecting  data  in  soundings  and  cross  sections  of  the  roll  cloud 
region.  The  standard  aircraft  instruments  were  included  In  the  observer's 
cockpit  penel.  Other  equipoent  installed  veri  an  oxygen  breathing  system, 
radio  coaaunlcatian,  an  interval  center  for  recording  time  Marks  an  the  nete- 
orogran,  and  a  special  thermistor- type  thermometer  with  sensing  element 
Mounted  in  the  leading  edge  of  one  wing.  Although  It  was  attempted  to  track 
these  flights  with  radar,  t.  e  method  proved  impracticable  and  knowledge  of 
space  positions  was  almost  entirely  dependent  on  the  notes  of  the  observer. 
There  were  22  such  flights  made  from  eld- February  to  the  end  of  March  1952 
and  of  these  about  6  provide  data  from  lee  wave  end  roll  cloud  develofunta. 
The  basic  data  are  the  aeteorograaa  vitn  supplementary  notes  by  the  observer 
giving  synoptic  records  of  time,  altitude,  temperature,  air  speed,  rate  of 
cllata,  compass  beading,  positions  over  the  terrain,  and  infWmtion  as  to 
when  time  Barks  were  Bade,  the  positions  of  clouds,  and  photographic  data. 
These  observations  are  treated  in  Chapter  4. 

In  1955  Meteorograph  flights  were  also  used,  but  the  principal  con¬ 
tributions  of  powered  aircraft  to  wave  exploration  were  the  techniques 
employed  by  the  B-29  and  B-4 ,  of  Project  Jet  Stream.  These  Instrumented 
weather  aircraft,  earlier  used  for  hurricane  reconnaissance  and  Jet  strews 
exploration,  aade  coordinated  flights  with  the  sailplanes  in  strong  lse  waves 
on  three  days  in  April,  1955*  Em  traverses  of  these  aircraft  through  the 
Mountain  flow  at  altitudes  from  20,000  to  40,000  feet  have  provided  the  most 
complete  nearly- synoptic  cross  sections  of  the  mountain  wove  including 
important  and  hitherto  missing  data  oo  the  structure  of  the  flow  upwind  of  the 
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mountain  range,  in  the  ro  j.  loud  region,  and  in  to*  stratosphere.  Both  air 
craft  vert  equipped  vith  the  new  automatic  navigation  tfaijaaot  which  gives 
continuous  readings  and  recordings  of  the  true  wind.  The  raw  data  are  in  the 
form  of  aerograms,  fllsu  of  the  instrument  panels,  wind  mensur scants,  and 
n*j~,es  jf  tne  pilots.  TL.se  osve  been  mad*  avail  able  to  the  Project  for 
integration  with  the  sailplane  aeaeureaents  and  the  large-scale  surface  and 
upper  air  ctoservatlone  of  the  region.  Chapters  6  and  8  are  devoted  to  the 
Meteorological  results  of  the  1955  field  work. 


Cloud  photography. 


A  valuable  supplement  to  the  aerial  aeesureoents  and  synoptic  ob¬ 
servations  is  the  file  of  notion  pictures  and  still  photographs  of  cloud  forma¬ 
tions  and  developments.  Most  of  the  motion  pictures  were  taken  by  time  lapse 
cameras  in  which  frames  were  exposed  at  one  or  two  second  intervale  thus  artl- 
fu- tally  speeding  up  the  projected  rate  of  cloud  aovaut  by  16  or  32  times. 
Studies  of  these  films  of  wave  and  roil  cloud  devsloptsentb  give  ruch  iralght 
into  the  time  variations  of  the  air  flow.  Also,  the  beet  sequences  of  these 
fllsu  have  bean  caaAiinad  Into  docursntary  fllsu  which  have  omen  shown  to  thou¬ 
sands  of  military  and  civilian  pilots  and  thus  have  provided  an  educational 
service  of  Inestimable  vnlue.  The  still  photographs  -  both  black  and  white  and 
color  transparencies  -  have  been  used  as  an  Integral  part  of  the  coaplete 
synthesis  of  the  available  meteorological  data  for  all  thv  cases  studied. 

Since  these  photographs  were  supplemented  by  pertinent  notes  and  are  applicable 
to  elementary  technique  of  photngri— mtry,  they  provide  information  that  la 
also  of  quantitative  value.  Illustrations  of  cloud  phenomena  appear  la  Chap¬ 
ters  3,  k,  and  6. 


Other  met-orologloal  observations. 


Several  types  of  observations  and  measurements  other  than  aircraft 
flights  and  cloud  photography  wars  made  In  the  Sierra  Nevada  and  (Vans  Valley  ■ 
region  for  the  purposes  of  the  Mountain  Wave  Project.  Observations  which  were 
of  great  Importance  to  the  synoptic  studies  were  available  from  the  network  of 
Meavher  Bureau  and  military  weather  stations  In  the  surrounding  region.  These 
various  types  of  data  are  listed  and  briefly  discussed  below. 


pilot  balloon  sotmdlaas.  One  of  the  many  valuable  contributions  of 
the  Weather  mureau  to  tbs  Project  was  the  program  of  double- theodolite  pilot 
balloon  wind  measurements  at  the  11  shop  Airport.  Thee*  soundings  wars  begun 
In  1951*  were  taken  twice  dally  (at  0700  and  1200  POT)  during  the  1951-2 
season,  and  once  daily  (1200  F8T)  In  the  spring  of  1955.  *he  data  have  bean 
uaad  for  the  synoptic  study  of  the  air  flow  over  the  Sierra,  the  change  of  the 
vertical  wind  profile  in  the  noun  tain  flow,  and  as  exhibit  "A"  of  the  errors 
inherent  in  single- theodolite  computations  In  regions  of  large  vortical  air 
currents.  The  latter  subject  has  been  treated  by  Da  Ver  Colson  (1952)  of  the 
Weather  Bureau,  using  some  of  the  Bishop  observations.  Several  Bishop  wind 
soundings  are  reproduced  in  Chap  -er  j  and  an  example  of  the  affaot  of  the  lee 
wave  on  the  ballon  's  jath  Is  shown  in  Chapter  V. 
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Radiosonde  ascents  from  Sequoia.  Measurements  of  tlx*  upper  air  ♦* ;p-r- 
atu re,  pressure,  and  relative  bimidlty  over  the  windward  slop*  of  the  Sierra 
were  wad*  at  1000  local  tin*  (POT)  on  10  days  of  the  period  5  Dec  sober,  195 1 
to  30  March,  1952.  The  balloons  ware  released  fro*  a  fixation  at  Lodgepole 
at  an  elevation  of  6,160  feet  In  Sequoia  Rational  Park  by  a  teaa  of  two 
Weather  Bureau  observers.  During  the  latter  half  of  the  period  wind  measure¬ 
ments  were  aide  on  days  when  th*  observer  could  follow  the  radiosonde  bal¬ 
loon  with  a  theodolite.  Several  of  the  ascents  were  wade  nsar  th*  time  of 
tracked  sailplane  flights  and  have  been  treated  In  the  study  of  the  disturbed 
flow  rather  than  as  being  representative  of  "upwind,"  1.*.,  "undisturbed, " 
conditions.  All  of  th*  70  soundings  have  teen  studied  carefully  and  analyzed 
with  other  observations  froa  surrounding  stations  since  they  provide  rarely 
obtainable  data  from  a  high  elevation  for  a  general  Investigation  of  mountain 
flow  and  in  particular  the  flow  over  th*  Sierra.  Lodgepole  soundings  are 
shown  and  discussed  In  Chapters  3  and  4  and  the  observations  are  plotted  an 
th*  synoptic  charts  of  Chapter  5* 


Surface  weasureventfi  jTrcn  Surface  prcus.res 

vex v  scssursa  in  l£u~2  by  seven  barographs  placed  In  various  cabins  In  a 
cross  section  of  the  floor  of  Ovens  Valley  and  the  eastern  Sierra  slope  In 
the  sallpxan*  tracking  area.  These  provide  continuous  barograsu  for  th* 
period  18  Kovsnber,  1951  bo  1  April,  1952,  with  the  exception  of  a  few  lapses 
In  the  records  of  the  highest  stations  when  these  vere  inaccessible  because 
of  severe  snow  storms.  Other  data  fra*  recording  Instruments  of  the  1951-2 
season  are  anamognoss  from  Manzanar  near  the  center  of  Owens  ' ’alley  and,  for 
the  last  six  weeks  of  the  season  only,  tbenograaa  from  Hantanar.  It  near 
also  be  added  here  that  barograas  and  thermogram  were  available  from  the 
Weather  Bureau  station  at  th*  Bishop  Airport  and  here  been  used  for  every 
season  of  field  operations.  Surface  measurements  for  selected  cases  are 
analyzed  in  Chapter  4. 

During  the  Mountain  Wave-Jet  Stream  Project  of  1955,  no  special  baro¬ 
graphs  were  employed  because  of  the  unavailability  of  the  - - - -  and  th* 

lack  of  additional  personnel  to  tend  the*.  However,  for  the  period  24  April 
to  24  May,  1955  a  special  network  of  five  sensitive  pressure  varlographs  was 
placed  in  the  form  of  a  large  cross  with  th*  center  at  the  Bishop  Airport. 

Two  of  the  other  stations  were  on  the  eastern  Sierra  slope,  on*  west  of 
Bishop,  the  other  west  of  Big  Pine,  another  was  In  the  Chalfant  Valley  north 
of  Bishop  Just  west  of  White  Mountain  Peak,  and  the  fifth  was  east  of  Bishop 
at  Deep  Springs  in  the  lee  of  the  White  Mountains.  These  instruments  re¬ 
corded  changes  of  pressure  at  a  frequency  of  the  order  of  10  to  20  minutes, 
filtering  out  both  local  gusts  and  pressure  changes  associated  with  the  move¬ 
ment  of  large-scale  synoptic  systeu.  While  these  varlogrsns  which  are  the 
property  of  Project  Jet  Stream  have  not  been  analyzed  yet,  they  may  later 
provide  some  interesting  Information  on  travelling  waves  associated  with 
strong  wind  velocities  aloft  and,  perhaps,  os  non- steady  conditions  of  lea 
waves  and  the  Interaction  of  travailing  and  stationary  waves. 


Surface  neasuraaents  from  mobile  observations.  For  the  seam  period  In 
the  spring  of  1952  during  vhich  tEe  meteorgraph  flights  vere  Inaugurated  and 
the  number  of  barographs  vere  increased,  special  observations  at  half  mile 
Intervals  vere  made  across  Owens  Valley  to  about  7,000  feet  altitude  an  the 
Sierra  slope.  These  observations  were  made  by  Ik.  Joseph  Knox  on  11  days  of 
February  and  March,  1952,  and,  since  they  vere  selective  with  respect  to  the 
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synoptic  ilturticii,  all  of  the  cams  provide  valuable  data  to  bo  u#ed  in  coo* 
Junction  vith  aerial  — aautoa ante  and/or  other  meteorological  observations. 

The  data  conelet  of  road  Inge  of  altlceter,  aneroid  barometer,  thsrmnmster, 
aroeiometer,  and  notes  and  photographs  of  the  cloud  phenomena.  The  value  of 
mese  ueasursments  has  Increased  since  the  re- survey  of  the  area  and  the  recent 
publication  by  the  U.  6.  Oeo logical  Survey  of  detailed  topographic  nape  vith 
vO  foot  contour  interval  and  a  scale  of  1:62,900.  Analyses  of  these  observa¬ 
tions  era  included  in  Chapter  4. 


Weather  logs.  Daily  records  of  local  Meteorological  observations 
vere  kept  by  the  Meteorologist  in  eech  of  the  three  field  seasons.  These  rec¬ 
ords  contain  notes  on  cloud  development,  special  phenomena,  and  information  of 
tbs  overall  synoptic  events.  Cm  the  days  of  project  flights  these  notes  vara 
expanded  and  fomallted  into  veather  reports  vith  tactions  on  the  upper  air  and 
surface  synoptic  situation  and  development  derived  from  analysed  maps,  and  sig¬ 
nificant  local  observations.  They  also  include  lists  of  photographs  or  time- 
lapse  notion  pictures  taken,  and  the  number  and  times  of  flights,  thus  providing 
both  a  brief  description  of  the  veather  phenomena  and  the  data  available  for 
study,  Since  the?*  ohs*'-vnttnns  extend  over  longer  periods  than  those  of  the 
actual  field  vork  •  the  whole  year  or  193y  is  tout  covered  -  iLz  logo  provide 
additional  records  of  the  frequency  end  seasonal  distribution  of  atoms,  lee 
wave  occurrences,  and  other  veather  phenooena. 


Synoptic  data.  The  project  bad  access  to  the  dally  observations 
made  at  the  Bishop  Airport  and  retained  for  special  days  the  circuit  "A"  tele¬ 
type  records  received  at  Bishop.  The  teletype  data  giving  hourly  and  5- hourly 
surface  observations  from  California  and  Bevada  stations  were  used  for  analyses 
of  synoptic  maps  and  cross  sections.  Many  of  these  data  vere  also  retained  in 
the  form  of  plotted  and  analysed  surface  maps  prepared  dally  by  the  project  end/ 
or  Weather  Bureau  meteorologists  at  the  Bishop  Airport.  Other  analysed  maps, 
such  as  the  fact  ini  le  charts  received  at  the  Bishop  Airport  Airing  the  1991-2 
and  1999  field  operations  and  the  Dally  Weather  Maps,  vara  saved  for  knowledge 
of  the  large-scale  situations  and  their  evolution.  Soma  climatological  data 
have  bean  used  for  detailed  ease  histories  of  particular  storms,  particularly 
the  precipitation  records  for  studies  of  orographic  rain  and  snowfall.  An 
example  of  the  latter  la  given  in  Chapter  9  In  a  section  entitled  "Tbr  Effect 
of  the  Slezra  Bevada  on  a  Pacific  Btora." 

Soma  valuable  observation*  at  nan- synoptic  times  vere  provided  by  the 
levy.  At  the  two  White  Mountain  Be  search  Laboratories  of  the  Bevy  and  the 
University  of  California  at  10,900  and  12,1*70  feet,  respectively,  about  10 
miles  northeast  of  Bishop,  dally  records  of  pressure,  tn^iarature,  kaatldlty, 
wind,  and  weather  at  OdOO  PST  ware  recorded.  At  the  Baval  Or&aance  Teat  Sta¬ 
tion  near  Inyokarn,  about  130  alias  south- southeast  of  Bishop,  ooca  or  twice 
dally  radiosonde  and  plbal  soundings  vara  nada.  Those  data,  taken  at  0900  PST 
and  sometimes  also  at  1000  PST,  vara  used  with  those  from  1000  PST  at  White 
Mountain  on  the  appropriate  0700  PST  (1900  OCT)  lsobaric  upper  air  charts  of 
Chapters  9  and  6  as  aides  in  synthesizing  the  contour  field  in  the  area  of  high 
mountains. 


The  primary  source  of  data  for  the  large-scale  synoptic  studies  vere 
the  Upper  Air  Bulletins  and  teletype  records  of  raobs  and  ravin*  received  and 
filed  at  U.C.L.A.  The  recion  of  Interest  for  periods  chosen  for  oarefUl  anal¬ 
ysis  was  the  whole  western  United  States  vith  emphasis  on  the  area  enclosed  by 
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the  Weather  Bureau  upper  air  sounding  stations  at  Medford,  Oakland,  Santa 
Maria,  Las  Vegas,  and  Sly  (Pig.  1,7).  These  upper  air  data  for  the  1951-2 
analyses  are  from  1500  GOT  (0700  PST)  and  0300  OCT  (1900  PST),  and  the  more 
nearly  synoptic  of  these  vth  respect  to  the  time  of  the  flight  usually  pre- 
ceded  or  fol loved  the  flights  by  three  to  six  hours.  Pro®  1  December,  1951 
to  1  March,  1952  6- hourly  radiosonde  and  ravin  soundings  free  Castle  Air 
Ptorce  Base  at  Merced  provided  extremely  Important  Jteasurmrnts  of  the  air  flow 
over  the  Great  Valley  lnaedl stely  vest  of  the  Sierra  Nevada. 

Hover ver,  the  most  complete  overall  synoptic  upper  air  coverage  was 
that  of  the  spring  of  1955  vhen  the  flight  operations  fortuitously  coincided 
vlth  the  series  of  atoalc  bosh  experiments  at  the  Nevada  Test  Site  of  the 
Atomic  Energy  Commission  (A.E.C.).  During  the  period  fro*  mid- February  to 
mid-May,  1955,  the  five  Weather  Bureau  stations  mentioned  above  took  observa¬ 
tions  thrice  dally  at  1500,  2100,  and  0300  GOT  as  did  the  additional  stations 
in  the  A.B.C.  network  •  Stead  Air  force  Base  at  Reno,  Tooopah,  Preen o,  and 
Casqp  Mercury.  The  network  vas  further  augmented  by  other  radiosonde  stations 
such  as  Yuma  and  Edvards  Air  force  Base  and  six  special  A.E.C.  pilot  bal¬ 
loon  stations  at  furnace  Cr.ek,  needles.  Round  Mountain,  Beatty,  Caliente, 
and  St.  George.  (See  asp,  Pij.  1.7. )  In  addition  to  the  greater  density  of 
the  network  and  the  more  frequent  observations  in  comparison  vlth  the  relative¬ 
ly  sparse  upper  air  coverage  of  195-*--2,  the  far  greater  number  of  wind  data 
as  a  result  of  Improved  equipment  is  strikingly  evident.  Thus  the  most 
complete  data  far  the  synthesis  of  the  large-scale  patterns  of  air  flow  over 
the  Sierra  Bevada  are  those  Aram  the  1955  season. 
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2.  DA!i.A  RfCDUOTIOB  PROCEDURE 


7_  jtrc 'Auction . 


Bil*  chapter  deals  pr'aarily  vlth  the  reduction  of  the  flight  and  track¬ 
ing  data  from  the  1951-2  season  although  the  discussion  of  sailplane  data  re¬ 
duction  is  equally  applicable  to  that  of  the  later  field  seasons.  The  first 
part  of  the  story  dealing  vlth  the  tracking  data  from  photo  theodolites,  radar, 
and  Raydlst  h**  been  placed  in  an  Appendix  at  the  end  of  this  report.  Pro¬ 
cedures  and  sources  of  error  are  discussed  there  vlth  sane  detail  as  the 
experiences  gained  vlth  this  kind  of  meteorological  high  altitude  tracking 
of  erratic  targets  may  be  of  spe:ial  value  to  future  research  program. 

Belov  are  treated  the  sailplane  measurements  and  the  .  .tegration  and  synthesis 
of  cracking  and  airborne  data  into  primary  meteorological  fields.  Ihe  rel¬ 
atively*  simple  and  straight  for:  cord  reduction  and  correction  of  other  data 
such  as  that  from  the  meteor  oghams,  baro  grans,  and  soundings  vill  be  discussed 
briefly  in  later  chapters  there  pertinent. 


Airborne  measurements. 


Instruments  end  data.  A  p.ictograph  of  the  sailplam  instrument  panel 
is  shown  in  Fig.  1.5  2nd  in  Fig.  2.1  is  shown  a  sample  frame  from  the  film 
exposed  during  one  of  the  flights.  The  instrumentation  and  flight  procedures 
of  the  sailplanes  have  been  discussed  at  length  in  previous  reports;  as  a 
resume  of  the  meteorologically*  significant  instruments,  their  indicated  read¬ 
ings,  and  the  degree  of  accuracy*  to  which  it  was  possible  to  record  the 
readings  from  the  film,  the  following  table  is  presented: 


Instrument 

Indicated  reading 

Units 

Read  to  nearest 

air  speed  indicator 

air  speed 

knots,  aph 

*  1.0 

knot 

clock 

time 

hr,  min,  sec 

*  0.5 

s 

altimeter 

altitude 

feet 

*20.0 

ft 

rate  of  climb  (or 
sink)  indicator 

rate  of  climb 
(or  sink) 

feet  min'1 

*50. C 

ft  min'1 

direction  indicator 

magnetic  healing 

degrees 

t  1.0 

deg 

thermometer 

air  temperature 

°C 

±  0.5 

°C 

All  of  the  sailplane  films  for  *hi ch  there  were  corresponding  track¬ 
ing  data  were  read  and  recorded.  The  total  flight  tine  of  the  sailplane  was 
limited  by  the  oxygen  supply  of  hours  and  the  time  during  tracking 
operations  by  the  l£  hour  film  supply  is  the  two  cameras.  Ifcese  li  JLtations 
were  allowed  for  in  planning  the  operation  so  that  where  there  exist 
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tracking  data  without  sailplane  data  the  loss  of  the  latter  can  be  ascribed  to 
failures  in  the  photography  of  the  instrument  panelj  either  the  film  failed  to 
u\uicport  or  it  was  unreadable  entirely  or  in  part  because  of  poor  lighting  or 
because  of  interference  by  parts  of  the  clothing  of  the  crew.  To  each  of  the 
above  six  instrument  readings  except  the  time,  which  was  adopted  aa  the  stand¬ 
ard  for  the  flight,  a  series  of  corrections  was  applied  to  obtain  the  quan¬ 
tities  needed  for  Integration  with  the  trajectory  data. 


Symbols  and  notation.  The  following  symbols  and  notation  apply  to  the 
airborne  measurmnents: 

t  time,  indicated  and  "true"  in  hours,  minutes,  and  seconds. 

Vj  indicated  air  speed. 

Zj  indicated  altitude. 

(dZ/dt)j  indicated  rate  of  climb. 

ttj  indicated  coeqpass  heading  ir.  degrees. 

Tj  indicated  free  air  temperature. 

Zp  pressure  altitude  in  the  U.  S.  Standard  Atmosphere. 

T  tejqpersture. 

a  geographical  heading  in  degrees  (true  north  ■  3^0° )• 
true  speed  of  the  sailplane  with  respect  to  the  air. 
wA  sinking  speed  of  the  sailplane  with  respect  to  the  air. 

Wj  "indicated"  sinking  speed  of  the  sailplane  corresponding  to  Vj. 

A  altimeter  setting  in  Inches  of  mercury. 

ci  altimeter  correction  for  instrument  error  end  hysteresis,  a  function 
of  altitude  and  direction  of  vertical  motion. 

C'x  altimeter  correction  for  static  errors,  dependent  upon  altitude  and  air 
speed. 

p  density. 

p0  density  at  sea  level  corresponding  to  STP:  760  mm,  0°C. 


Time.  While  the  reading  of  the  instrument  panel  clock  gave  the  official 
time  to  which  all  the  other  instrument  readings  were  referenced,  correlation 
with  the  5- second  pulses  of  the  tracking  network  depended  on  the  time  of  the 
blackouts.  The  latter,  given  usually  every  two  minutes,  were  indicated  on 
the  Instrument  panel  by  a  small  light  which  was  turned  on  by  the  observer  on 
the  count  down  fro*  the  tracking  control  operator.  Since  the  cameras  took 
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photographs  at  clthar  ace  or  two  second  intervals,  there  vaa  the  possibility 
of  a  maxima*  absolute  error  of  one  or  two  seconds,  on  which  camera 

was  used,  in  correlating  tfcr  sailplane  aeasureamnts  with  those  of  the  the¬ 
odolites. 


Pressure  altitude.  Determination  of  pressure  altitude  free  indicated 
altitude  required  knowledge  of  the  altineter  settle^  used,  the  instnsMut 
calibration  curves — tvo,  according  to  whether  the  altitude  we a  iacreaaiig 
or  decreasing— and  the  corrections  for  static  pressure  effects  which  ware 
related  to  the  air  apeed.  Accordingly,  the  formula  used  woe: 


Zp-ZI  +  c1  +  c2  +  925  (29.92  -  A) 


The  altimeters  were  calibrated  et  U.C.L.A.  immediately  after  the  field  work. 
Static  pressure  corrections  ware  deterelnad  in  calibration  flights  by  the 
Southern  California  Soaring  Association  (S.C.S.A. )  and  by  laboratory  taste  of 
the  calibration  equipment.  Altimeter  settings  were  recorded  by  the  observer 
and/or  could  be  read  free  the  altimeter  dial  an  the  film.  Thar*  were  than 
three  calibration  curves  for  the  altimeter,  tvo  for  c^,  and  one  for  c 2;  the 
correction  for  altimeter  setting  was  constant  for  the  entire  flight.  In  order 
of  magnitude,  c1#  which  was  as  large  as  ±300  feet  at  40,000  feet,  was  general¬ 
ly  larger  than  c2  which  varied  from  0  to  ±30  ieet.  The  difference  in  In¬ 
terests  correction  between  accent  and  descent  was  of  the  order  of  250  feet 
at  high  altitudes.  The  correction  for  altimeter  setting  was  sometimes  of  tbs 
order  of  300  feet.  Accuracy  of  the  final  result  could  not  be  definitely 
known  but  a  careful  estimate  of  possible  random  errors  and  the  reading  ac¬ 
curacy  suggest  that  the  largest  absolute  error  would  be  ±4o  feet  at  sea  level 
and  increasing  to  ±100  feet  at  40,000  feet.  Relative  errors  fro*  point  to 
point  were  negligible  except  where  the  changed  from  ascent  to 

descent  or  vice  versa,  and  these  discontinuities  were  largely  by 

smoothing. 


Temperature.  One  of  the  deficiencies  of  the  sailplane  instnaeuta- 
tion  was  the  lack  of  a  very  accurate  and  precise  thermometer.  Those  used  in 
the  project  flights  were  of  the  thermocouple  type  consisting  of  a  copper- 
constant  in  sensing  element  placed  on  the  fuselage  where  dynamic  hasting 
was  negligible,  a  thermos  ice-in-water  bath,  sad  an  which 

could  be  read  to  the  nearest  0.5°C.  There  were  three  such  unite  used,  all 
of  which  were  calibrated  while  removed  from  the  aircraft  daring  and  after 
the  flight  season.  rjcmt  uncertainty,  of  course,  exists  about  the  effects 
of  airspeed,  radiat.on,  and  low  temperatures  of  the  indicating  mechanism 
Hiring  the  first  few  flight*  of  the  season  a  40- pound  thermistor- type  unit 
was  used  before  its  weight  caused  it  to  be  removed  from  the  sailplane.  It 
was  considered  accurate  to  ±C.2°C  end  on  one  flight  was  wad  together  with 
the  most  frequently  used  thermocouple  unit.  These  data  provided  a  further 
check  and  flight  calibration  of  the  latter.  Considering  the  overall  ac¬ 
curacy,  it  Is  estimated  that  the  corrected  temperature  is  known  to  il.5°C 
absolute  error j  it  is  possible  that  in  extreme  cases  the  absolute  accuracy 
was  less  than  this,  say  ±3»^°C,  but  the  internal  consistency  of  the  reedlngri 
was  better  than  this— probably  tl.CjPc— and  the  relative  accuracy  f0.5°C. 
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Heading.  The  magnetic  direction  Indicators  used  In  the  sailplanes  vere 
calibrated  at  the  Bishop  Airport  by  swinging  the  sailplane  on  an  accurately 
.arked  magnetic  compass  ro'e.  Several  calibrations  were  made  for  the  different 
Instrument  panel  ensembles  used  for  various  periods  of  the  season.  Since  the 
compass  was  affected  by  banking  or  turning  in  flight  it  could  not  give  reliable 
readings  of  the  direction  of  the  aircraft  except  In  straight  flight.  The  cor¬ 
rection  curves  coablned  corrections  for  effects  of  the  metal  parts  in  the  vi¬ 
cinity  of  the  compass  with  corrections  for  magnetic  variation  and  declination 
(17°  S  of  H  at  Bishop).  Theoretically,  the  absolute  accuracy  of  the  corrected 
readings  should  be  about  ±2  degrees  or  perhaps  ±3  degrees.  It  mould  be  point¬ 
ed  out  that  if  there  was  any  yawing  in  the  flight  the  error  would  be  augmented 
by  the  angle  of  yaw  since  the  direction  of  travel  relative  to  the  air  would  be 
different  from  the  direction  of  alignment  of  the  fuselage.  However,  in 
straight  flight  the  pilots  attempted  to  eliminate  this  effect. 


True  air  speed  and  velocity.  A  calibration  curve  for  the  air  speed 
indicators  comb in ad  corrections  for  instrument  errors  and  errors  In  the  static 
and  dynamic  pressure  sources.  True  air  spaed  Is  a  function  of  density,  p,  and 

thus  of  Z  and  T,  or: 

P 

VA  “  VI  (P°/»)*  -  Vj  f(Zp,T) 


The  total  velocity  of  the  sa.  lplane  with  respect  to  the  air  was  de¬ 
scribed  by  combining  the  speed  VA  with  ;he  geographic  heading,  a .  The  accuracy 
of  the  velocity  computations  was  primarily  dependant  on  the  accuracy  of  the 
compass  readings.  As  a  further  reduction,  VA  vus  also  interpreted  as  being 
practically  equal  to  Ita  horizontal  component  since  the  glide  angle  was  small; 
the  glide  ratio  which  Is  constant  with  altitude  was  never  smaller  than  10:1. 


Sinking  speed.  Two  effects  contribute  to  the  effective  glide  en&le  of 
a  sailplane  in  flight:  the  first  and  greater  is  the  natural  sinking  speed  In 
still  air  at  a  given  air  speed  and  the  second  is  a  dynamic  rise  which  may  ac¬ 
company  any  dynamic  soaring  maneuver.  The  latter  effect  is  absent  in  a  steady 
glide  end  could  not  be  corrected  for  in  the  turns.  A  third  effect,  a  dynamic 
inertia  reaction,  could  be  expected  to  occur  where  there  were  large  accelera¬ 
tions;  this  could  not  be  measured  well  enough  to  apply  corrections  but  was  im¬ 
portant  to  note  in  those  rather  brief  periods  when  turbulence  was  experienced. 
The  principal  depen  deuce  is  on  air  speed,  and  these  calibrations  were  performed 
in  relatively  still  air  over  the  Pacific  Ocean  near  Santa  Monica.  A  conserv¬ 
ative  estimate  of  the  maximum  effect  of  some  varying  vertical  motion  in  the 
air— probably  general  subsidence  rather  than  convection— is  *0.3  feet  per 
second.  Calibration  curves  ware  prepared  for  the  determination  of  the  "indi¬ 
cated"  sinking  speed  corresponding  to  a  given  Indicated  air  speed.  Then  the 
true  sinking  speed  of  the  sailplane  with  respect  to  the  air  was  detarminad  in 
the  same  manner  as  the  true  air  speed  given  vj,  Zp,  and  T: 

(P  V/2 

WA  *  VI  l  °/p/  *  f(zpT) 
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Smeary-  The  corrected  quantities  derived  free  the  airborne  meaaure- 
nentB  anA  tbelr  estimated  accuracies  are: 


Corrected  flight  data 
tine 

pressure  altitude 

true  air  speed 
heading 
sinking  speed 
tesperature 


Symbol  Estimated  accuracy 

t  ±C. 5  second 

Z  Ho  ft  asl  to  *100  ft  at  ko.coo  ft 

?  (relative  accuracy  120  ft) 

VA  ±3  «  s*1 

a  13  degrees 

vA  10.3  ft  s*1 

T  11.5°  C.  (relative  accuracy  l0.5°C) 


C capering  these  accuracies,  temperature  measurement  appears  to  be  the 
weakest  link  of  the  airborne  data. 


9yn thesis  of  tracking  and  airborne  data. 


General  considerations.  Given  the  basic  data  one  had  to  decide  upon 
the  Banner  in  which  to  treat  them  in  order  to  derive  the  sort  Meaningful  pat¬ 
terns  of  the  pertinent  neteorological  fields- -those  of  notion,  temperature, 
and  pressure — In  the  leeward  flow.  The  choice  was  Influenced  first  of  all 
by  the  limitations  and  coverage  of  the  data:  a  thread  of  measurements  taken 
during  a  finite  period  of  time  through  a  volume  of  the  atmosphere.  Secondly, 
for  comparison  with  theory,  hydrodynamical  models,  and  other  lee  wave  ob¬ 
servations,  It  was  Important  to  obtain  a  synoptic  picture  of  the  air  flow 
In  the  vertical  plane  perpendicular  to  the  mountain  range,  to  satisfy  both 
of  these  considerations,  it  was  decided  to  analyse  the  field  of  motion  In 
the  form  of  streemlines  In  the  plane  perpendicular  to  the  Sierra  crest  In 
the  Independence- Man tanar  tracking  area.  The  other  important  meteorologloal 
variables,  temperature  and  pressure,  were  analysed  as  isotherms,  isolines 
of  potential  temperature,  and  D  values  In  the  seme  crocs  section. 

In  order  that  these  results  can  be  considered  as  representing 
"synoptic"  conditions,  two  assumptions  are  implied:  l)  There  was  a  steady 
state  or  3/dt  *  C;  2}  the  flow  was  two-dimensional,  l.e>,  d/’dy '  «  o  where 
y '  la  the  coordinate  parallel  to  the  Sierra  crest.  Ve  thus  are  farced  t*_ 
consider  as  negligible  actual  changes  in  the  variables  In  time  and  "latitude" 
(y ' )  but  coMlt  the  nsmmptions  to  mind  in  order  that  they  may  later  be 
examined  for  their  effect  on  the  representativeness  of  the  results. 
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Symbols  and  notations. 


Ya 


WA 

T 

t(x,y,*) 

l 

*Q 


time . 

pressure  alt it  ide, 

horizontal  velocity  ;f  the  sailplane  with  respect  to  the  air. 
norizontal  speed  of  the  sailplane  with  respect  to  the  air.  «  j  j. 
geographic  heading  cf  the  sailplane. 

true  sinking  speed  c f  the  sailplane  with  respect  to  the  air. 
corrected  free  air  temperature. 

position  of  sailp  ane  determined  by  tracking  system, 
geometric  altitud  :  above  mean  sea  level, 
velocity  of  saiL]  lane  with  respect  to  the  ground. 

speed  of  the  sal  .plane  with  respect  to  the  ground.  V.  ■  [d(x,y)/fttL 

2/ g  u  ° 

»  )|  +  (dy/dt)jj 


horizontal  comp  neat  of  tue  wind  velocity,  ]h--V, . 

Vg  horizontal  vine  speed.  VH  ■  j^H|. 

P  angle  between  '  ^  and  th»:  x’  axis. 

x 1  ,y '  coordinates  ol  reference  system  rotated  and  translated  to  origin  O' 

on  Sierra  crest;  x'  along  7o°,  y'  along  3^0°. 

U  horizontal  wind  speed  component  along  x'.U-  Vg  cos  p. 

vq  vertical  sperd  o:’  the  sailplane  with  respect  to  the  ground. 

v„  -  vdZ/d.t)  . 

U  O 

S  distance  measured  along  path  of  ssdlplane;  as  a  subscript  it  refers 

to  quantities  measured  along  the  flight  path. 

w  vertical  wind  spted.  v  =  wQ-w^. 

s  slope  of  a  streamline  in  the  (x',z) -plane,  s  -  arctan  v/U. 

s'  slope  of  streamline  in  exaggerated  cross  section,  t'  ■  arctan  3w/U. 

V  total  wind  speed  component  in  (x'.zj-pl ene.  V  » 

V'  total  wind  speed  component  in  exaggerated  cross  section. 
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p  density.  p  «  p/RdT. 

A z  thickness  of  streamline  channel  on  plotted  crons  section, 

p  pressure. 

P  mss  flux. 

Ay'  width  of  streamline  channel. 

C  constant. 

Rd  gae  constant  tor  dry  air.  Rd  ■  2®7  kj  per  ton  per  <fe. 

*4  Poisson  constant.  *d  «  R^c^  -  2/7. 

a 

•  potential  taepareture  In  °K.  *  ■  T(  100/p)  4. 

D  "altimeter  correction."  D  *>  I-Zp. 


The  basic  c.arts.  The  primary  quantities  vere  the  corrected  airborne 
data,  t,  ip,  VA,  a,  vA,  end  T;  the  space  positions  ft ram  the  theodolites, 
P(s,y,s,t);  end  the  positions  from  Raydist,  ?(x,y,t ).  The  other  metearo^og- 
leal  rariahles  vere  obtained  as  derivatives  and  combinations  of  these  basic 
quantities  by  the  procedures  outlined  below. 

Qa  centimeter  graph  paper  the  flight  path  was  plotted  in  the  (x,y)- 
snd  (x,x)-  plenes  with  every  tenth  point  Identified  by  its  frtsse  uumbmr. 

The  scale  In  the  horizontal  vas  1  emtimeter  »  1000  feet  and  in  the  vertical 
3  centimeters  ■  1000  feet.  Plotting  accuracy  vas  to  the  nearest  50  feet 
In  the  horizontal  and  to  the  nearest  20  feet  in  the  vertical. 

A  tine  section  of  £  end  Zp  vas  prepared  on  a  continuous  roll  of 
graph  paper.  The  scale  vas  1  ca  «  5  or  10  seconds  in  the  horizontal  end 
1  as  *  100  or  200  feet  In  the  vertical.  The  tine  vas  labeled  In  ftrasw 
Busbars  at  the  top  end  In  hours,  minutes,  and  seconds  at  the  bottom.  Dif¬ 
ferent  symbols  vere  used  for  the  points  of  both  curves  and  In  analyzing 
them  the  data  vas  smoothed  to  reduce  random  errors  in  the  tracking  data  and 
to  minimise  mall  discontinuities  in  the  Zp  curve  vhen  the  sailplane  changed 
from  ascent  to  descant  or  vice  verse. 

The  third  basic  chart  vas  the  tephlgran  on  vhlch  soundings  of  T,p 
vere  plotted  to  obtain  an  average  lapse  rate  and  an  average  density- height 
curve  for  use  in  depleting  the  field  of  motion  as  described  below. 


The  horizontal  vind.  On  the  (x,y)  chart  of  the  flight  path  Jq  vas 
neaaured  graphically  for  overlapping  50-zecond  (10-frme)  intervals.  It 
vas  thought  that  this  time  interval  would  eliminate  the  effect  of  errors  in 
the  5- second  theodolite  fixes  end,  especially,  increase  the  probability  of 
measuring  the  quasi-steady  vind  rather  than  short  period  gusts.  These 
values  were  neaaured  only  in  essentially  straight  sections  of  the  flight 
path.  The  graphical  velocities  vere  determined  to  11  foot  per  second  and 
11  degree.  The  values  were  considered  to  apply  at  the  midpoint  of  the  time 
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interval,  (it  would  have  oeen  possible  to  compute  Vq  »  U(x,y)/dt)g 

o  p  l/2  f 

■  [(dx/dt  )f  +  (fiy/dt)*]  on  SVAC  but  it  vu  desired  to  use  mouthed  and 

o  5 

ctr.d  trajectory  data.) 

On  the  sailplane  computation  sheets  vas  determined  for  the  same  50- 
second  intervals  as  Vg.  This  vas  done  by  averaging  VA  and  a  separately  for  the 
interval.  By  inspection  an  estimate  was  made  of  the  average  value,  the  coluun 
of  recorded  values  at  one  or  two  second  interval*  was  scanned,  residuals  were 
added  algebraically,  and  the  estimated  value  vas  corrected  by  the  appropriate 
amount.  Since  these  calculations  vere  mad e  over  essentially  straight  portions 
of  the  flight  path  during  vhrch  VA  and  a  vere  nearly  constant,  the  difference  in 
the  result  between  averaging  by  vectorial  addition  and  division  and  that  by  de¬ 
termining  separately  the  average  magnitude  and  direction  vas  negligible. 

Using  on  accurate  protrac'  or  aid  a  metric  ruler  ^A  vas  subtracted  graph¬ 
ically  from  VG  to  obtain  Vg  ■ 

A  preliminary  inspection  of  the  v  field  of  the  first  flight  revaaled  the 
anticipated  fact  that  the  crc3tc  a  d  troughs  of  tl.e  ulr  flow  lay  roughly  paral¬ 
lel  to  the  direction  of  the  Sierra  crest  upwind  of  the  x'lljht.  Hus,  for  the 
reasons  stated  above,  the  coordinate  system**  vas  rotated  counter- clockwise  20° 
and  translated  50,000  feet  along  its  nev  -x1  avis  to  a  center  O'  approximate!}' 
at  University  Peak  on  the  Sierra  crest.  The  y'  axis  taen  lay  along  the  mean 
line  of  the  Sierra  crest  between  Mt.  Keith  and  Dluxmd  Peak,  a  distance  of  ap¬ 
proximately  10  miles.  All  data  for  analysis  in  the  vertical  plane  vere  then 
re-referenced  to  their  nev  positions  with  respect  to  the  x'  axle.  The  horizon¬ 
tal  wind  component  perpendicular  to  the  Sierra  crest  in  the  tracking  area  vas 
obtained  from  Vg  by  the  formula  U  ■  Vg  cos  p. 


Vertical  notion.  On  the  time  section  (dZ/4t )s  »  vq  vac  computed  graph¬ 
ically  from  the  slope  of  the  Z,t  curve.  Where  Raydlst  data  ware  used  or  where 
the  residuals  in  the  computation  of  Z  vere  large,  ( dL^/dt  )g  t vas  computed 
graphically.  For  all  practical  purposes  (dz/&t)g  •  (fe  /dt )g.  The  curve  of 

VQ,t  vas  plotted  on  the  same  tine  section  on  a  scale  of  1  cm  -  2  ft  s“  ,  (See 
Pig.  2.2.) 

From  the  sailplane  computation  sheets  the  values  of  vA  vere  plotted  on 
the  time  section  and  added  graphically  (subtracted  algebraically)  trem  Vq  to 
obtain  w  *  wq  ”  VA  *n(*  &  curv«  of  v.,t.  (Fig.  2.2) 

A  continuous  record  of  v,t  then  vas  had  for  all  periods  of  continuous 
airborne  measurements;  and  computations  of  U,t  vere  listed  for  periods  of  ee- 
•er.  daily  straight  flight  for  which  both  airborne  and  tracking  data  existed. 


*SWAC  (Standards  Western  Automatic  Computer)  vas  used  to  compute  the  space 
positions  (x,y,z)  from  the  tracking  data.  Bee  Appendix  A. 

**A  rectangular  coordinate  system  vith  the  origin  at  a  point  in  Independence, 
x  east,  y  east,  and  z  vertical.  See  p.  of  Appendix  A. 


V _ i 


r>|.  2.1  -  Saapla  trmmm  ot  1<  aa  fila  of  aailplaaa  tutnawt  paaa  1 .  IftilnaMU  iUa  u •  tir- 
aaaad  udiciur  (appar  left),  ntud«  air  lltmailtr  I  appar  ujfct),  altiaatar  laiMIt  n»,  laft) 
clack  (caatar).  caa^asr  ( laaar  laft),  accalaraaatar  (far  (i|kt),  aad  2  rata-af-cltafc  ladicatara 
daft  af  aad  kaloa  taaparatara  ladicatar). 
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In  selecting  the  critical  points  to  be  represented  in  &  vertical  cross  se-tion, 
the  v,t  curve  vas  examined  and  the  maxima,  minima,  and  zero  values  of  v  vere 
listed  vlth  the  corresponding  frame  numbers;  these  values  represented  the 
inflection  points  (maximum  up-  and  dovn- drafts )  and  the  crests  and  troughs 
(v  ■  0)  of  the  flow  pattern  in  the  vertical  plane.  Other  intermediate 
values  vere  added  as  required  by  the  analysis. 


Streamlines.  The  slope  of  the  streamlines*,  v/U,  vas  conjaited  as 
the  angle  c  »  arc  tan  v/U.  In  the  cross  section  the  vertical  scale  vas  ex¬ 
aggerated  over  the  horizontal  by  3:1  so  that  the  exaggerated  slope  vas 
computed  as  the  angle  s'  «  arctan  3 v/U.  Consistent  units  vere  •■ployed; 
both  v  and  U  vere  converted  to  meters  per  second  for  this  and  later  comput¬ 
ation*. 


In  order  that  the  streamlines  should  represent  the  speed  as  veil  as 
the  direction  of  the  wind  in  the  (x'  ,z}-plane,  it  vas  decided  that  the 
speed  should  be  indicated  graphically  by  means  of  varying  the  distance 
between  adjacent  streamlines  rather  than  by  isotachi  (isovels),  vectors, 
or  other  methods.  To  do  so  one  invokes  the  concept  of  "channels  of  flov" 
and  assumes : 

1)  3/3t  *  0  (steady  state). 

<:)  3/dy '  *  0  (no  variation  parallel  to  the  Sierra 

crest). 

Then  the  equation  of  continuity: 

dp/ dt  -  -  ta(pu)/dx'+d(pV)/dy'  ♦  d(pv)/az) 

reduces  to  d(pV)/dS  »  0  which  states  that  the  mass  transport  through  any 
streamline  channel  is  constant. 

Consider  now  the  following  schematic  drawing  and  the  geometric  re¬ 
lationships  : 


✓ 


The  mass  flux  F  =  OVAy’Az  cos  t  (or  F  ■  pV'Ay'Az  cos  t'  ).  Since  l 

U  «  V  cos  e  (or  -J  *  V'  cos  *’ ),  F  =*  pUAy'Az.  Frau  the  reduced  equation  of  * 


*lt  is  to  be  no  ed  that  these  are  streamlines  of  V,  the  wind  component 
m  the  vertical  pi  ae  perpendicular  to  the  Sierra  crest. 


v-m. 


2k 


«,oati....it>  -too  e:  pUt  .  *  =  J  •  •.  c»  nstent  of  dimensions  [M  L*1  T~*J*. 

The  thickness  of  the  channel  at  any  point  is  Az  •  C/pU  In  meters  where  C  Is 
in  ton  m“^sec"  .  Since  in  the  cross  eection  3  cm  represents  1,000  ft,  1  cm 
in  the  certical  scale  of  the  cross  section  »  101.6  m  in, the  atmosphere, 
s~  Az  «  C  'lO.1  ,6(oU)cm  where  P  is  in  ton  m"3. 

The  constant  C  chosen  depended  on  the  average  speed  of  the  wind  for  each 
lee  wave,  but,  of  course,  was  kept  constant  for  each  flight.  The  values  used 
were  7.5»  5>  and  2.  Thus,  for  a  given  flight  cross  section,  if  p  is  expressed 
in  kg  m’’,  Az  in  cm  was  approximately  75  /pU,  50/pU,  or  20/pU,  depending  on 
whether  the  average  wind  U  was  relatively  strong,  moderate,  or  weak.  While 
this  technique  sacrifices  the  opportunity  to  coapare  wind  speeds  from  one 
flight  to  the  next  -  except  where  C  is  the  same  for  both  -  It  satisfies  the 
•ore  important  requirement  of  having  each  lee  wave  represented  by  a  sufficient 
and  convenient  number  of  streamlines  to  describe  the  flow  pattern,  and  it  al¬ 
lows  comparison  of  relative  speeds  within  each  cross  section. 

In  the  vertical  (x',z)  cross  section  were  plotted  the  values  of  e1  as 
slopes  and  the  corresponding  values  of  Az  as  numbers  for  all  critical  values 
of  w  along  the  flight  path  and  at  a  sufficient  number  of  Intermediate  points 
to  ensure  as  complete  a  coverage  as  practicable.  The  streamline  analysis  was 
than  performed  as  an  objective  attei  pt  to  best  satisfy  the  requirements  of 
the  data. 


Other  variables.  From  Zp,  p  was  obtained  directly  from  Bellamy’s 
{1945)  tables,  and  from  p  and  the  corresponding  T  were  computed  density  p  and 
potential  temperature  0  by  the  formulas : 

P  ■  p/R<it 

and  0  «  T( 100/p )*d 

in  practice,  both  of  these  quantities  were  obtained  by  referring  to  the  Smith¬ 
sonian  Meteorological  Tables  (1951).  For  the  computation  of  Az  it  was  suf¬ 
ficient  to  plot  all  values  of  p,T  on  the  adiabatic  chart,  thus  obtaining  an 
avercge  sounding  for  the  flight  and  an  average  curve  of  p,  Zp  or  p,  Z.  These 

values  were  quite  accurate  enough  for  the  determination  of  Az,  the  probable 
error  in  p  being  less  than  that  of  U. 

The  computation  of  0  was  somewhat  more  sensitive  to  errors  and  space 
differences,  however,  and  it  was  desired  to  use  the  Tables  based  on  the  ac¬ 
curate  formula  rather  than  the  graphical  determination  on  the  adiabatic  chart, 
which  method  introduces  further  errors  of  chart  construction  and  of  reading. 

It  is  obvious  that  the  accuracy  of  0  is  that  of  T  compounded,  perhaps,  by  a 
somewhat  smaller  error  in  p.  The  overall  absolute  accuracy  of  0  is  probably 
±2.0°K  while  the  internal  consistency  is  probably  1.0  °K  and  the  maximum 
relative  error  ±0.5  °K. 

On  the  time  section  the  values  of  D  >  Z-Zp  were  obtained  graphically 
from  the  smoothed  curves  of  Z  and  Zp.  The  field  of  D  was  analyzed  from  the 


•Mere  M  refers  to  mass,  L  to  length,  and  T  to  time 
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p-uoouel  val-es  __->ng  1...-  d  .'l:,ch-.  pt»tr.  ii.  the  vx’ ,c  )-plau.e  tot,vt — r 

with  those  from  the  surface  barograms  referenced  to  the  sane  plane. 

The  fields  of  T  and  6  were  similarly  plotted  and  analyzed.  T  was 
„en  gr^-t.ed  on  tne  tine  sections  on  vnieh  it  nicely'  —.dieated  inversions 
encountered  along  the  flight  path. 


Concluding  remarks.  The  accuracy  of  the  res  nits  as  dependent  only  on 
the  errors  of  the  instrumentation  and  of  the  reduction  procedure,  as  distinct 
free  those  resulting  free  the  leper  feet  fulfillment  of  the  assumptions,  can 
he  estimated.  Some  of  the  errors  depend  on  the  magnitude  of  the  quantity 
end  so  are  more  adequately  expressed  is  percentages.  In  suauxy  these  are 
as  follows: 


Quantities 


Estimated  accuracy 


U,  v 


*  5* 


kz 

e' 


t  ft 


e 


t  _  (*0.5°  relative) 

t  l.j  °C  (t:.5°  relative) 

t  ICC  ft  to  t 201  ft  (HOC  ft 

maximum  relative) 


Considering  the  aesning  of  the  results  represented  by  the  analyzed 
data,  it  must  be  remembered  that  e  and  V  refer  to  that  component  of  the 
wind  perpendicular  to  the  Sierra  crest.  *p  of  the  path  of  an  air  parcel 
and  Vg  of  the  total  wind  would  be  related  to  the  quantities  in  the  cross 
sections  in  the  following  manner:  5  t  and  Yg  >  U.  The  greater  is  f, 

the  angle  between  ^g  and  the  x'  axis*  taken  norunl  to  the  mountain  crest, 
the  less  the  streamlines  approximate  the  paths  of  air  parcels  and  the  greater 
discrepancy  one  should  expect  ir.  tie  fields  of  6,  D,  and  T  is  analyzed  on 
the  (x',z)  cross  section.  It  is  reasonable  to  assume  adiabatic  flow  so 
that  the  tesperature  pattern  along  the  streamlines  will  be  a  result  of 
differential  vertical  ration  with  coolest  temperatures  in  the  crests  and 
warmest  temperatures  in  the  trouguo  at  any  level.  Since  the  principal 
component  of  the  horizontal  *  ecgrervture  gradient,  that  of  the  overall 
synoptic  situation,  is  directed  to  tne  left  of  jg,  only  if  the  flight  has 
been  made  essentially  along  the  streamline  of  'lie  true  wind  can  one  expect 
to  measure  the  temperature  field  due  to  the  wave  perturbation.  Similarly, 
the  field  of  6  in  the  vertical  should  resends  that  of  the  true  streamlines 
where  the  vertical  plane  ic  taken  along  the  wind;  and  there  each  isoline 
of  e  should  nearly  exactly  represent  a  true  path.  Also,  there  is  advectlc:: 
of  temperature  to  be  considered:  dT'dt  f  0.  The  effects  of  thi:  be 

greater  the  longer  the  flight.  Finally,  the  greater  t..-  north-south  range 
of  the  flight  path,  the  less  well  defined  ad  of  the  fields  should  be  as  a 
consequence  of  the  condition  V<>y'  *  0.  The  errors  resulting  from  the 
variations  ir.  the  thl.d  JLunension  c.erive  less  from  the  normal  gradients  of 
the  variable;,  tuun  from  variation  of  the  Sierra  crest  from  the  y’  axis. 
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3.  VatT^CAL  CROSS  SECTIONS  AXE  SOJ5DDCS 
Graphical  presentation  of  remits. 

After  all  of  the  1951-2  airborne  and  tracking  data  had  been  analyzed, 
result*  fraa  11  flight!  oc  9  separate  days  were  considered  to  have  sufficient 
coverage  to  be  wo’-thy  of  publication  in  the  fora  of  verticil  cross  sections.* 
The  9  1**  vnve  examples  are  treated  belov  in  chronological  order.  Each  case 
is  presented  according  to  the  fo llovlng  order  of  subject  headings: 


i.  Clouds  and  weather.  Significant  observations  of  cloud  and  weather 
phenomena  at  the  tine  of  the- flight  are  briefly  described.  When  applicable, 
one  or  two  photographs  illustrating  the  cloud  phenomena  are  shown. 

11.  Flight  susaaxy.  A  plan  view  of  the  path  of  the  flight  is  shown 
in  relation  to  the  topography  and  the  tracking  network.  Specific  acccmpllah- 
ssents  of  the  flight  and  partlci  lar  limitations  of  the  tracking  runs  are 
noted. 


ill.  Streamlines,  lie  field  of  motion  is  presented  in  the  form  of 
streamlines  constructed  according  to  the  manner  described  in  Chapter  2.  A 
projection  of  the  flight  path  on  the  vertical  plane— the  thread  along  which 
data  were  measured—  is  drawn  on  the  cross  section.  Pertinent  measurements 
such  as  wave  length,  vertical  dlsplacanent,  maxima  horizontal  and  vertical 
velocities,  turbulence,  etc.,  are  Included  on  the  cross  sections.  A  brief 
discussion  of  these  results  is  given. 

iv.  Other  fields.  The  fields  of  taaperature,  potential  tap  sue  tors, 
and  pressure  ( D  values },  while  not  of  aufflcisnt  coverage  for  cross  section 
analysis,  are  discussed  with  respect  to  the  str semi  Ins  pattern  and  the  mean 
flight  sounding. 


v.  Soundings  and  velocity  profiles.  With  each  flight  cross  section  are 
presented  an  ^jvind1’  temperature  sounding  and  wind  velocity  profile.  The  lat¬ 
ter  1  a  that  of  the  U  (250  degree)  coapocent  of  the  true  wind.  The  data  used 
far  the  period  ef  1  December  1951  to  29  February  1952  were  from  Castle  Air 
Rirce  Base,  Merced,  California.  For  the  months  of  Bov  ember,  1951  and  March, 
1952,  the  data  used  were  from  Oakland  or  from  interpolated  values  between 
Oaklard  and  Santa  Maria  depending  on  the  direction  of  the  upper  air  flow. 

Ibr  several  of  the  cases  upper  air  data  from  Lodgepole  in  Sequoia  ■ational 
Park  are  included.  Together  with  the  sailplane  flight  soundings  are  show 
the  U  components  of  the  Bishop  double-theodolite  pibal  vind  sounding  rap- 
resenting  a  synoptic  vertical  profile  In  the  leeward  flow. 

In  Chapter  5  the  surface  and  upper  air  synoptic  charts  corresponding 
to  these  vertical  sections  are  shown  and  discussed. 


Additional  symbols  and  notations.  Besides  the  symbol*  defined 
earlier,  some  others  are  intro&ced  here  for  abbreviated  notation  on  the 


•Data  from  two  additional  flights  were  used  for  special  roll  cloud  studies, 
the  results  of  which  sire  presented  in  Chapter  h. 


mu  in  nw  nwn-ir- 
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chart*  and  In  the  text.  These  arc: 

L  wave  length  of  the  perturbation  In  the  (x',z)-plane. 

$  displacement  of  a  etreanllne  from  lte  mean  height;  amplitude 

of  the  wave  flow  in  the  vertical  plane. 

2Jna x  the  total  height  variation  of  any  streamline  in  the 

vertical  plane. 

BIH  Bishop  Weather  Bureau  station.  4,110  ft. 

BP  Ball  Park,  Independence.  Theodolite.  3,904  ft. 

CC  County  Cabin,  Independence  Creek.  Barograph.  7,806  ft. 

EC  E-hcrt’a  Cabin,  Independence  Creek.  Barograph.  6,166  ft. 

I  Independence.  Barograph.  7 .934  ft. 

K  Kearsarge  Station.  Barograph.  3,760  ft. 

LP  Lo  epole,  Sequoia  National  Park.  Radloaonde  and  barograph. 

6,70  ft. 

M  Manxanar  Barograph  and  theodolite.  3*031  ft. 

SH  Ski  Hut,  C*  ion  Valley.  Barograph.  9,201  ft. 

7P  8ev«n  Pines  Theodolite.  Theodolite  end  barogrtipk.  ft. 

1500  Z  Here  Z  refers  to  Oreenvlch  Civil  Time  (QCTK 

0700  P  P  refers  to  local  tiaw  i.e.,  Pr „ufic  Standard  Ti-t* 
or  lPOth  meridian  civ.',  time 


1.  Plights  2002  and  2003  .  27  November  1951:  a  moderate  lee  wav? 


Clouds  and  veather.  There  were  a  fev  cirrus  and  altostrmtua  c  Aids 
visible,  none  of  which  showed  wave  form.  Visibility  vas  unlimited. 


flight  auwsary.  In  Fig.  3.1  are  shown  the  flight  paths  over  the 
ground  and  in  Pig.  3*2  are  shown  the  projections  of  the  paths  on  the 
(x ' ,  z  )-plane .  On  Plight  2002  the  air  vas  found  to  be  smooth  up  to  11,300 
ft*  on  the  tov;  turbulence  waa  experienced  at  14,300  ft  over  TP;  and  re¬ 
lease  vas  made  at  15,500  ft.  A  maximum  altitude  of  22,000  ft  vas  at¬ 
tained.  The  long  downwind  run  (Plight  2003)  encountered  three  waves  across 
the  Owens  Valley  and  a  fourth  over  the  south  rim  of  Saline  Valley  in  the 
lee  of  the  Inyo  Mountains.  The  subsequent  upwind  run,  which  was  not 


•All  altitudes  refer  to 


sea  level 
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tracked,  encountered  turbulence  over  7?  at  an  altitude  of  10,000  ft  but 
Insufficient  lift  there  to  regain  altitude.  Bo  roll  clouds  appeared  but  Mod¬ 
erate  turbulence  was  encountered  In  those  zones  where  they  normally  famed. 


Stream 1  Ires .  The  air  flow  In  the  vertical  plane  la  shown  In  fig. 

3.2.  It  should  be  aentloned  here  that  In  this  drawing  and  In  all  subsequent 
sections,  the  upwind  velocity  profile  has  been  used  as  a  guide  In  drawing  the 
streamlines  above  the  crest  of  the  Sierra  at  altitudes  where  no  flight  data 
exist.  The  constant*  used  In  determining  the  thickness  of  the  channels  was 
C  -  7.$.  Tbs  wave  length  varies  somewhat  depending  an  where  It  is  measured 
but  the  average  value  Is  29,000  ft  or  8.8  km.  The  average  altitude  variation 
of  a  strssmllna  la  2,100  ft  oc  64 0  a.  There  Is  indication  of  a  slight  upwind 
tilt  with  height. 

A  predominantly  northwest  wind  Is  evident  In  the  flight  path.  Tha 
average  vector  wind  measured  on  Flight  2002  was  2Sl  dag,  40  knots  end  that 
on  Flight  2003  was  291  deg,  47  knots.  The  aav1«  TJ  component  measured  was 
91  ft  s~l  ($4  knots).  Vertical  velocities  were  moderate:  >13  and  -16  ft  s"1 
were  maximum  sustained  rallies.  A  shorter  period  (10  second)  measurement  of 
+35  ft  s"1  was  mads  In  the  first  wave  updraft  near  mountain  top  level. 


Other  fields.  A  flight  sounding  Is  plotted  in  Fig.  3.3.  The  maximum 
deviation  oi  the  plotted  points  ftrcm  the  curve  shown  Is  *i°C.  An  Inversion 
was  passed  through  at  8,200  ft  on  tov.  A  4°C  temperature  Inversion  existed 
between  590  and  550  ah  ( 14,000  to  16,000  ft).  It  was  In  this  zone  that 
turbulence  and  the  eavlnua  vertical  velocities  were  found.  The  only  other 
significant  temperature  change  along  the  flight  path  was  a  1%  drop  at  the 
same  level  between  the  first  lev  trough  and  the  following  crest. 

Potential  temperature  varies  free  307°  to  322°  K.  The  field  of  • 
la  the  cross  section  agrees  with  that  of  the  straeallnes  but  the  data  are  not 
dense  enough  to  allow  an  Independent  analysis. 

The  D  values  are  all  positive  and  large.  The  naan  surface  values  tor 
the  flight  period  are:  >1*290  ft,  K  *  3*0  ft,  and  OC  «  300  ft.  There  is 
a  general  Increase  upward  since  the  sounding  is  warmer  than  that  of  the  U.  S. 
Standard  Atmosphere.  The  values  vary  from  +320  ft  to  ♦  720  ft.  Those  de¬ 
termined  from  the  "sounding  and  the  barograns  agree  rather  well  with  those 
derived  from  &-2L  an  the  time  section. 


Soyding  end  wind  profiles.  Upwind  conditions  are  represented  by  the 
1500  OCf  Oakland  sounding  and  rewin  (Fig.  3*4).  The  sounding  Is  seen  to  be 
quite  stable  below  540  ah.  Above  20,000  ft  there  Is  a  decrease  in  U  as  the 
upper  winds  shift  to  slightly  north  of  west.  The  Bishop  U  profile  at  1200 
PST  (2000  OCT)  la  shown  In  Fig.  3-3. 


2.  Flight  2004.  28  Bovcaber  1951:  a  moderate  lee  wave. 


J lauds  and  weather.  Cirrus  clouds  ware  observed  la  all  quadrant*  with 


*See  Chapter  2. 


Wiwmisi  1*. 


altjcu-urie  lent JcuJarls  to  the  northeast  over  the  Vfhite  Mountain* .  Thi»  vas 
known  a*  a  "dry"  wave  with  celling  and  visibility  unlimited.  In  Onion  Valley, 
below  Kear targe  Fata,  wave  fora  vas  observed  in  cirrus  clouds,  snow  banners 
were  seen  bloving  from  the  peaks,  and  a  vara  fohn  vlnd  vas  felt.  Toward 

evening  toe  sky  cleared. 


Flight  sumary.  Slight  turbulence  .ns  encountered  fraa  10,000  to  12,000 
ft  and  the  release  vas  made  at  12, 500  ft.  The  flight,  path  Is  shown  in  Fig. 

3.5.  The  air  vas  considered  smooth  up  to  10,000  ft.  The  maximum  altitude  at¬ 
tained  vas  25,500  ft.  A  dovnvlnd  run  and  the  subsequent  upwind  run  were  null¬ 
ified  by  failures  of  the  sailplane  camera.  What  remains  is  a  long  run  paral¬ 
lel  to  the  Sierra  crest  In  the  updraft  region  of  the  first  wave.  On  the  dovn¬ 
vlnd  run  three  waves  were  penetrated;  ths  downdraft  of  the  second  wave  vas  above 
the  slope  of  the  Inyo  Mountains  and  the  third  crest  vas  east  of  that  range. 


Streamlines .  In  Fig.  3*6  the  constant  used  for  channel  thickness  vas 
5.  The  average  values  of  U  and  v  were  68  ft  s-^  (40  knots)  and  +8  ft  s'"*-, 
respectively.  Maximum  values  of  U  and  v  were  79  ft  s”^  (47  knots)  and 
+13  ft  s_1,  respectively.  Since  the  streamlines  show  only  the  updraft  section 
of  the  wave,  the  wave  length  cannot  be  measured.  However,  the  half-vave  length 
appears  to  be  26,000  ft.  Indicating  a  complete  wave  length  of  52,000  ft  (16  km). 
2{mmyr  is  approximately  3,500  ft. 


Other  fields.  The  flight  sounding  is  much  warmer  in  the  Standard 
Atmosphere  as  shown  in  Fig.  3*7*  It  is  rather  stable  vith  a  strong  inversion 
below  730  mb  (about  9,000  ft)  and  a  near  - 1  so  thermal  layer  between  615  and 
550  mb  (14,000  and  16,000  ft).  That  the  lover  Inversion  disappeared  by  midday 
1a  indicated  by  the  fact  that  three  stations  In  Ovens  Valley — Bishop, 
Independence,  and  Halves --all  had  a  maximum  temperature  of  58°F  (l4.5°C)  and 
by  the  measurement  of  53-9°F  (12.2° C)  at  SC  at  1125  PST. 

D  valuta  vere  In  agreement  vith  the  tesperature  sounding.  Surface 
measurements  vere:  M  »  +275  ft,  EC  ■  +320  ft,  CC  »  +355  ft,  and  SH  »  +205 
ft.  In  the  flight  section  the  values  Increased  to  +340  ft  at  25,500  ft,  the 
maximal  altitude  reached. 


Soundings  andvind  profiles.  A  mean  1500  GCT  sounding  for  Oakland  and 
Santa  Marla  (Fig.  3*8)  van used  for  a  represantative  sample  of  the  vest- 
southwest  flow  over  the  Sierra.  The  dashed  line  in  the  vlnd  profile  Indicates 
where  geoatrophlc  values  were  used.  The  1200  PST  Bishop  U  profile  is  shown  in 
Fig.  3.7. 


3.  Flights  2006  and  2007,  18  December  1951  i  a  strong  lee  wave. 


Clouds  and  veather.  At  davn  the  lee  wave  vas  full}'  developed;  a  large, 
dark  roll  cloud  had  formed  to  the  south  over  the  center  of  the  Valley  sur¬ 
mounted  by  one,  and  later  two,  decks  of  high  wave  clouds  (Fig.  3-9)-  Low 
clouds  and  bloving  snov  trailed  in  a  "cloudfall"  far  down  the  Sierra  slope  in 
the  downdraft  area  vnlle  another  vave  crest  vas  marked  by  stationary  cimulofora 
clouds  over  the  Inyo  Mountains.  By  afternoon  a  long,  ragged  roll  cloud  vas 


IS 


visible  extending  from  the  Mono  Lake  arse  la  the  north  to  Inyokera  far  to  the 
south.  In  the  Bishop  area  the  fohnwall  bung  over  the  Sierra,  and  the  roll 
cloud  hovered  over  the  western  slope  of  the  Valley  with  clear  sky  It dfstely 
overhead.  These  phcnonena  persisted  with  seise  change  throughout  the  day. 

Over  the  tracking  area  south  of  Bishop  the  roll  cloud,  extending 
over  Big  Pine,  Independence,  and  Iona  Pina,  covered  about  20  per  cent  of  the 
width  of  the  Valley.  Its  base  and  top  were  at  about  15,000  and  18,-20,000 
ft  respectively.  3ns Tier  roll  clouds  narked  the  second  were  crest  over  the 
Inyo  Mountains.  A  solid  cloud  deck  at  shout  16,000  ft  covered  the  Sierra  I 

and  the  San  Joaquin  Valley.  As  seen  Aran  the  sailplane?  on  flight  2006,  "the 

dovevash  of  the  cap  cloud  Is  the  lee  of  the  Sierra  was  very  rteep  and  at  high  | 

velocity  reseafclisg  water  overflowing  a  dsn.”  There  ware  two  lenticular 
cloud  arches  shove  the  roll  cloud;  the  highest  wave  cloud  In  the  tracking 
area  was  passed  at  35,-36,000  ft.  10  the  north  a  higher  deck  could  be  seen 
at  about  38, -*>,000  ft. 

i 

Surface  winds  r^aced  fr  e  calm  In  saw  areas  to  gusts  of  50  cor  60  knots  | 

elsewhere.  Strong  winds  north  of  Bishop  blew  a  bus  off  the  road  and  blew  I 

snow  Atom  previous  storms  into  deep  drifts  which  covered  the  highway  8  feet  ' 

deep  in  places.  Dense  clouds  of  dust  filled  the  air  high  over  Owens  (dry)  j 

Lake  while  north  of  Lone  Pine  sand  was  propelled  at  60  knots  in  northwesterly  t 

gusts. 


Plight  mules.  On  Plight  3006  the  sailplane  took  off  an  tow  from 
Bishop  at  0$10  PST,  beaded  southeast,  and  encountered  the  second  wre  updraft 
over  the  we* tern  slope  of  the  Inyo  Mountains.  Turning  southwest  it  flew 
under  the  roll  cloud  and  released  from  tow  at  16,500  ft  Just  upwind  of  the 
roll  cloud  and  lower  Sierra  slope  and  southwest  of  Big  Pine.  Over  the  track¬ 
ing  area  the  sailplane  encountered  severe  turbulence  at  39,000  ft,  rose  to  a 
aaxlnun  Indicated  altitude  of  k2, 000  ft,  than  oountiausd  northward  in  the 
lift  rone  landing  at  Bishop  at  1200  FBI.  There  was  no  theodolite  tracking 
of  the  flight  because  of  pulse  failures  la  the  ground  sipilg— t  me  flight 

notes  of  the  observer,  the  notes  recorded  in  the  control  van,  and  about  3 
■dilutes  of  flln  showing  the  lnstrueent  panel  readings  between  35,000  and 
k2,000  ft  provlda  data  for  analysis. 


Plight  3007  reached  a  swisia  altitude  of  39,000  ft  and  was  tracked  by 
two  theodolites  iron  1538  to  1650  PST  In  the  altitude  range  of  32,000  to 
38,000  ft.  The  path,  shown  la  Pig.  3*10,  1*  one  of  large  range,  particularly 
In  the  region  west  of  the  Sierra  crest.  Uhfbrtunately,  the  apparent  aal- 
fUnctioning  of  the  direction  Indicator  and  the  fact  that  the  thsiwstsr  dial 
was  off  scale  for  nost  of  the  flight,  placed  severe  Hal  tat  Ions  on  the 
analysis  of  the  data. 


Streamlines.  As  Flight  2006  was  not  tracked,  a  conventional  sti  si 
line  analysis  was  impossible.  However,  by  invoking  the  sinaqit  1m  of 
adiabatic  flow,  it  was  possible  to  construct  a  potential  t  — jj s  1  s 1 1 1 1 1  cross 
section  which  asy  be  regarded  as  an  approximate  representation  of  the  field 
of  notion  In  the  (x',z)-plane.  Pig.  3. 11  shows  the  crocs  section  constructed 
fTon  the  1000  POT  radiosonde  ascent  Aran  Lodgepole  and  the  "sounding"  from 
Plight  200 6;  since  the  flight  data  used  were  neaaured  in  the  period  0930  to 
1&5  POT,  these  were  nearly  synoptic.  The  Lodgepole  sounding  was  plotted 
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according  to  its  calculated  downwind  drift  with  height  and  the  sailplane  meas¬ 
urements  were  plotted  according  to  the  path  of  the  flight  a3  reconstructed  from 
the  oh server* a  notes.  Fron  photographs  tuid  observational  notes  the  fohnvall, 
cl./udfall,  roll  cloudy  and  lenticular  deck  were  sketched.  It  was  assumed  that 
the  inversion  of  the  fohnvall  ms  the  sane  as  that  of  the  roll  cloud  and  that 
the  air  flow  was  isentropic  except  within  the  clouds.  It  was  further  assumed 
that  the  st.-eamlines  could  be  approximated  by  the  isentropes  except  within  the 
cloudfull  and  the  roll  cloud  where  the  actual  streamlines  would  have  steeper 
slopes.  A  rough  calculation  of  the  slope  of  the  streamlines  was  made  from  the 
ratio  of  the  vertical  wind  speed  v  (*iZp/dt-vA)  to  the  horizontal  wind  speed 
(equal  to  in  the  hovering  flight).  'The  wave  length  of  the  flow  can  be 
seen  to  vary  from  46,000  to  59*000  ft  (l4  to  18  km  or  9  to  11  miles).  Since 
the  analysis  for  the  whole  section  was  made  from  data  taken  along  two  threads 
in  space,  such  a  drawing  should  be  regarded  only  as  an  attempt  to  create  an 
approximate  picture  of  the  flow  pattern. * 


In  the  course  of  the  ascent  a  maximum  U  of  85  knots  vas  found  at  24,000 
ft.  Maxima  of  v  occurred  in  the  roll  cloud  layer  (*70  ft  and  at  about 
32,000  ft  (240  ft  a*1 ).  Severe  turbulence  vas  encountered  near  the  roll  cloud 
and  again  at  about  31,000  ft  tc  33,000  ft.  Of  interest  in  the  drawing  la  the 
suggestion  of  a  such  longer  wave  length  in  the  stratosphere  and  the  upwind 
tilt  with  height  of  the  region  of  max  1mm  updraft.  Drifting  eastward  at  38,000 
ft,  the  sailplane  lost  altitude  above  the  region  in  which  updrafts  were  en¬ 
countered  in  lover  levels,  and  it  vas  necessary  to  head  westward  with  altitude 
In  order  to  remain  in  the  lift  area.  On  the  return  flight  the  wind  speeds  had 
increased  by  about  15  knots  at  24,000  ft,  and  reached  an  estimated  ***imam  of 
120  knots  near  32,000  ft. 


The  path  of  Flight  2007  in  the  (x',z)- plane  Is  plotted  in  Fig.  3.12, 
together  with  some  significant  measurements  and  observations.  Mo  streamlines 
have  been  constructed  because  of  serious  doubt b  of  the  reliability  of  horlxoo- 
tal  wind  measurements.  These  indicate  wind  velocities  with  large  northerly 
components  which  appear  unlikely  even  though  the  synoptic  charts  (Figs.  5.7  and 
5.16)  show  the  upper  flow  to  be  vest- northwest.  The  most  ng  evidence  for 
this  contention  Is  the  comparison  of  corrected  heading  and  flight  path;  the 
angle  varies  frea  45°  to  90°  for  much  of  the  run.  The  field  of  vertical 
motion  vas  determined,  however,  and  la  indicated  in  Fig.  3.12. 


Other  fields.  A  sounding  curve  for  Flight  2006  is  drawn  in  Fig.  3. 13. 
Some  isolated  temperature  observations  from  Flight  2007  indicate  cooling  aloft 
during  the  day.  The  potential  temper  a  tore  field  has  been  discussed  above  in 
relation  to  streamlines.  The  temperatures  are  warm  with  respect  to  the 
Standard  Atmosphere  and  D  values  are  large  and  positive.  However,  none  could 
be  determined  on  Flight  2006  for  lack  of  Z  values  and  those  from,  Flight  2007 
involve  too  large  maximum  errors  in  2  to  permit  listing  of  absolute  values. 


It  is  to  be  noted  that  this  vas  the  only  case  for  which  the  airborne  data 
lent  itself  to  this  form  of  analysis.  The  reason  for  this  was  that  it  fortu¬ 
itously  satisfied  the  requirements:  1)  that  the  flight  be  nearly  synoptic 
with  the  radiosonde  ascent;  2)  that  it  be  made  approximately  downwind  of  the 
radio 3onde  ascent ;  and  3)  that  data  be  obtained  through  a  great  depth  of  the 
atmosphere . 
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Soundings  and  wind  profiles.  Fig.  3*14  shows  the  sounding  end  U  profile 
tram.  Merced  it  1560  OCT.  The  sounding  indicates  a  lower  lnversice  at  about 
3,000  ft>> the  typical  winter  rub »i dene c  inversion  of  the  Great  Valley— and  a 
higher  inversion  at  about  13,000  ft  (615  ah)*  The  greatest  vertical  sheer 
in  the  wind  profile  occurs  at  about  14,000  ft,  Just  above  the  top  of  the 
Inversion.  At  1500  OCT  and  2100  OCT  the  Merced  vreu  prof 4 'jgt.  indicated 
■axl—  speeds  at  shout  20,000  ft  and  25,000  ft,  respective'.-  ;  this  !act  vts 
confirmed  by  Bishop  plbal  neasure—nts  (Fig.  3*13)  and  by  the  flights,  al¬ 
though  the  latter  suggest  that  evea  stronger  speeds  occurred  near  the 
tropepause  in  the  lee  The  Lodgepole  sounding  is  presented  in  Pig.  3.13. 

The  inversion  associated  with  the  cap  cloud  can  be  identified  vith  that  over 
Merced  and  was  apparently  Intensified  by  the  flow  over  the  3ierra. 


4.  Flight  2015.  29  January  1952:  a  weak  lee  vave. 


Clouds  and  weather.  In  the  aoming  such  of  the  sky  was  covered  by  j 

cirrus  ami  altos tratus  Vec casing  altociaailus .  In  the  afternoon  there  were  , 

patches  of  altocvnuius  sad  considerable  cirrus.  Fran  the  air  It  was  clear  In  j 

the  north  and  east.  High  clouds  were  visible  in  the  south  stretching  over 
Los  Angeles  and  Las  Vegas,  fie  San  Joaquin  Valley  v&s  covered  by  stratus.  j 

f 

Flight  su— ary.  Sene  turbulence  was  encountered  just  parlor  to  release 
at  a  rate  of  ells*  of  1,000  ft  ain-1  at  13,400  ft.  The  flight  (fig.  3.15)  was 
confined  to  the  rather  narrow  region  of  lift  between  Independence  Peak 
(11,773  ft)  and  Mt.  Bradley  (13,260  ft).  The  flight  path  was  a  general 
descent  trem  the  —min—  altitude  of  15,000  ft. 


StresMllnes.  A  single,  pr leery  crest  Is  evident  In  Fig.  3 .16.  The 
wind  vas  weak;  very  little  wind  was  found  below  12,000  ft,  and  in  the  seel  1 
cone  of  lift  It  was  possible  to  fly  cross  wind  and  to  spiral  without  drift¬ 
ing  downwind  rapidly.  The  constant  used  was  2;  channel  thicknesses  are 
therefore  not  canparable  with  those  of  other  flights.  The  wave  length  Is 
about  14,000  ft  or  4.4  kn,  is  900  ft.  A  possible  explanation  for  the 

confine—  nt  of  the  wave  notion  to  that  particular  region  of  the  crest  is 
that  the  wind  was  channeled  along  the  canyon  of  the  South  Fork  of  the  Kings 
River  and  reached  soawvhat  stronger  speeds  there.  The  — xlmsn  U  was  37  ft  a-1 
(22  knots);  —  ilaa  vertical  velocities  ware  +11  and  -7.5  ft  s  .  Brief  gusts 
of  about  120  ft  s"^  were  experienced  between  13,000  and  14,000  ft.  An 
interesting  aspect  of  the  rtro— 1  Ins  patter,  is  the  tilt  of  the  lee  trough 
upstre—  with  altitude. 


Other  fields.  The  ten perature  sounding  (Fig.  3*17)  if  such  warmer 
then  that  of  the  Standard  Atnoephere.  A  2°C  inversion  existed  below  750 
ab  (8,000  ft),  and  above  670  Mb  the  lapse  rate  vas  nearly  adiabatic.  The 
teaperature  field  is  fairly  consistent  In  the  (x'-z)-plane,  probably  because 
Much  of  the  flight  yath  vas  nearly  in  the  sa—  vertical  plane.  The  potential 
teaperature  field  would  not  Indicate  a  lee  wave  if  analyzed  independently. 

9  varies  froa  308°  to  314°  K  In  the  tracked  portion  of  the  flight.  On  the 
return  flight  to  Bishop,  the  temperatures  aloft  were  cooler  by  1°  or  2° C. 

The  D  values  for  the  surface  were  BZH  ■  +320,  M  •  +300,  BC  ■  +330, 
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and  SH  -  +360  ft.  The  values  increased  aloft  in  agreement  with  the  warm  sound¬ 
ing.  However,  there  It  a  rather  systematic  discrepancy  of  about  100  ft 
between  D  values  computed  from  the  sounding  and  the  barogrnns  and  those  from 
7.-, .  ,  the  latter  being  the  smaller.  It  seems  likely  that  thin  difference  can 
be  reasonably  attributed  to  absolute  errors  in  T,  Z,  and  Zp. 


Soundings  and  wind  profiles.  The  undisturbed  flow  characteristics  are 
represented  in  Fig.  3»lS.  The  pronounced  low  inversion  at  Merced  is  related 
to  the  stratus  layer  in  the  San  Joaquin  Valley  below  4,000  ft.  The  Lodgepole 
sounding  and  wind  profile  (Fig.  3*19)  is  similar  to  that  of  Merced— a  pronounced 
surface  inversion,  no  high  inversion,  tropopause  near  240  mb,  and  a  rather  weak 
flow  at  crest  level.  The  Bishop  double- theodolite  pibal  measurements  are  shown 
in  Fig.  3.17. 


5.  Flight  2016,  30  January  1952:  a  moderate  lee  wave. 


Clouds  and  weather.  In  the  morning  there  were  bands  of  altocumulus  and 
cirrus  overhead  and  altocumulus  lenticulariB  arches  with  clear-cut  leading  edges 
west  of  Bishop.  Over  the  Sierra  was  a  mass  of  cusulus.  The  San  Joaquin  Valley 
was  under  low  strato- cumulus  to  about  6,000  ft.  The  lenticular  cloud  which  lay 
along  the  Owens  Valley  1"  the  afternoon  (Fig.  3*20 )  drifted  eastward  three 
times  during  the  course  of  the  flight. 


Flight  summary.  Release  was  made  at  17,000  ft,  the  sailplane  reached 
26,000  ft,  and  tracking  was  begun  at  25,000  ft.  The  flight  path  (Fig.  3*21) 
performed  in  the  west-northwest  flow  included  a  crisscross  run,  a  long  down¬ 
wind  run  through  three  complete  wave  lengths,  and  an  upwind  run  prior  to  descent 
over  Manzanar . 


Streamlines .  The  flow  pattern  shown  in  Fig.  3*22  is  that  of  a  moderate 
wave  in  which  three  vaves  formed  over  the  Owens  Valley  with  an  average  wave 
le..gth  of  25,000  ft  (8  km).  The  values  of  2tDax  vary  from  1500  ft  to  2500  ft. 
The  constant  used  in  determining  channel  thickness  was  5*  Tire  maximum  U 
measured  was  85  ft  s'  ^  (50  knots).  Maximum  vertical  velocities  were  +12  tnd 
-21  ft  s'1  at  the  locations  indicated  on  the  cross  section.  In  the  lowest 
extent  of  the  flight  path,  near  7,000  ft,  a  light  easterly  flow  was  measured. 
This  suggested  that  below  the  wave  crests  between  7/000  and  9/000  ft  were  light 
rotor-like  circulations  which,  however,  are  not  to  be  confused  with  the  so- 
called  rotors  of  stronger  vaves  that  form  at  higher  altitudes  and  are  usually 
marked  by  roll  (rotor)  clouds.  In  this  case  there  was  neither  moisture  nor  suf¬ 
ficient  amplitude  of  the  flow  to  induce  the  formation  of  clouds  at  the  crests  of 
the  waves.  Only  at  a  higher  level,  perhaps  30,000  ft,  was  there  a  cloud  which 
formed  in  the  principal  wave  crest. 

Other  fields.  Temperatures  measured  on  this  flight  were  warmer  than 
Standard  Atmosphere  to  425  oh  and  cooler  above  as  shown  in  Fig.  3.23.  An  inver¬ 
sion  appears  below  7,000  ft  (800  mb)  and  an  isothermal  layer  between  615  and 
580  mb  (13,000-15,000  ft).  Throughout  the  remainder  of  the  "sounding"  the  lapse 
rate  vas  nearly  adiabatic.  Deviations  of  temperatures  measured  from  those  of 
the  curve  are  within  ±1°C.  The  0  field,  not  unexpectedly,  appears  somewhat 
chaotic  when  analyzed  separately  and  is  not  Indicative  of  a  lee  wav*.  The  D 
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fieJd  similarly  does  not  lend  itself  to  a  reasonable  analysis.  The  values  from 
the  sounding  are  given  in  Tig.  3*23* 

i 

I 

l 

1  Soundings  and  wind  profiles.  Merced,  Lodgepole,  and  Bishop  upper  air 

|  data  are  shown  in  Tigs.  3«24>  3*2$,  and  3.23,  respectively. 


6,  PUght  2018,  1 6  February  1952:  a  strong  lee  vave. 


Clouds  and  weather.  The  wave  cloud  phenaaena  of  this  day  were  the 
best  developed  and  most  extensive  since  those  of  18  December  1951*  Early  in 
the  morning  a  fohrvall  appeared  over  the  Sierra  vest  of  Bishop  and  during  the 
day  ex-tended  itself  along  the  crest.  ftac to- cumulus  patches  resolved  them¬ 
selves  into  roll  clouds  in  the  south  (Tig.  3 -26a)  and  over  the  Inyo  Mountains. 
By  noon  the  ftihnwall  had  developed  to  about  V  Biles  south  of  Mt.  Williamson 
(14,384  ft)  and  strato- cumulus  clouds  were  observed  moving  frae  vest  to  east 
over  Onion  Valley.  By  1330  PST  the  fdhnvall  extended  along  the  entire  crest 
and  the  cloud  fell  covered  Onion  Valley.  A  high  alto  stratus  vail  vas  seen  to 
the  vest  above  and  upvind  of  the  fohnvall;  from  the  sailplane  its  height  was 
estimated  to  be  about  30,000  ft.  High  cirrus  bands  formed  parallel  to  the 
vind  in  the  east,  and  to  the  southeast  slight  vave  form  vas  visible  In  cirrus. 

No  single,  dominant  stationary  arch  cloud  formed,  only  aaall  bands  and 
patches.  Hovever,  during  the  time  of  the  flight  the  roll  cloud  vas  veil  de¬ 
veloped  (Tig.  3.26b)  and  extended  in  a  solid  chain  over  the  Ovens  Valley 
xcept,  as  Is  usual,  in  the  Bishop  area  where  there  vas  a  break.  The  baas  of 
the  roll  cloud  vaa  observed  to  be  at  about  14,500  ft.  The  second  vave  crest 
vas  veil  narked  by  a  smaller  but  continuous  cumulus  cloud  band  over  the  crest 
of  the  Inyo  Mountains  and  continuing  upvind  of  the  White  Mountains. 

At  dusk  the  cap  cloud  (ftihevall)  avept  far  down  the  eastern  Sierra 
slope  but  the  fohngap  never  clouded  over.  Bo  precipitation  fell  In  the 
Ovens  Valley. 


Flight  gumary.  The  data  from  this  flight  are  the  most  complete  of  all 
the  flights  and  are  of  especial  interest  for  the  study  of  a  strong  lee  vave. 

The  tracking  began  at  1217  PST  (Tig.  3 >27)  vlth  an  upvind  run  on  tov.  Release 
vas  made  in  the  strong  updraft  at  14,200  ft  above  7P*  About  that  time  the 
sailplane  vas  lost  to  view  by  the  theodolites  because  of  the  intervening  roll 
cloud  but  its  45-minute  ascent  to  a  max  1mm  altitude  of  33,000  ft  was  followed 
by  the  Raydist  system.  A  dovsvind  and  an  upvind  run  were  performed  between 
1344  and  1400  P9T  after  the  sailplane  had  again  been  sighted  by  the  theodolites. 
Later  a  crisscross  run  vas  tracked  except  for  a  gap  during  which  the  s id. ’plane 
vas  above  the  roll  cloud.  The  final  run  was  made  downwind  under  the  roll 
cloud.  The  flight  time  from  beginning  to  end  of  tracking  data  vas  hours* 


Streamlines .  The  air  flow  pattern  of  the  strong  lae  wavs  la  shown  in 
Tig.  3.2S.  As  the  flight  vas  both  long  in  time  and  extended  rather  far  north 
of  the  tracking  network,  the  data  provide  the  most  noteworthy  examples  of  the 
four- dimensional  character  of  the  lee  vave.  The  two-dimensional  streamline 
cross  section  vas  constructed  after  data  from  portions  of  two  of  the  runs  had 
been  deleted.  First,  the  data  from  the  northernmost  region  of  the  flight 


Fir.  3. 26a  -  1020  PST.  M  Fa bntary  1*52.  mUmH  fr—  12,000  Ft.  Ml*, 
lilliimi  and  Miuty  —  ri^t.  Dutiful  mm  m!  r*l  1  cl— 4*. 


Fi(.  3,  Mb  •  1330  PSt,  16  Fab-ary  1952.  9— tbacrd  fr—  Kakaa  Air¬ 

port.  Roll  cl— d  — d  cl— d- fall  —11  da— la—d.  M^k,  t— a— a  arch 
cloud.  Photo  by  C.  Pattaraoa ,  1).  S.  Vatfcor  lb— . 
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shoved  the  wsve  crest  to  he  about  10,000  feet  east  of  the  crest  position  in¬ 
dicated  by  the  southern  portion  of  the  flight.  Examination  of  Fig.  3.27 
reveals  that  this  is  undoubtedly  a  result  of  the  eastward  jog  in  the  Sierra 
,r  '3t  nor -a  of  Diamond  Peak  (13,105  ft).  Since  the  upper  flow  was  roughly 
from  260  deg,  the  roll  cloud  line  downwind  was  similarly  displaced. 

A  second  adjustment  had  to  be  made  for  the  development  which  took  place 
during  the  3^  hours  between  the  two  flights  under  the  roll  cloud  and  the  fact 
t.*at  the  first,  upwind  flight  was  made  on  tow.  With  due  allowance  for  probable 
errors  of  airborne  measurements  made  while  on  tow,  it  was  evident  1  hat  the 
downdraft  below  the  roll  cloud  had  Increased  considerably  in  speed.  Consequent¬ 
ly,  in  order  that  the  co^>lete  streamline  pattern  be  consistent  and  quasi¬ 
synoptic,  the  lata  ft too  only  the  first  run  under  the  roll  cloud  were  used  as 
guides  in  the  analysis  of  the  lover  streamlines.  The  channel  constant  was  7.5* 

The  roll  cloud  sketched  in  the  cross  section  was  carefully  constructed 
by  photogramnetry  and  Area  the  observer's  notes.  The  turbulence  below  the 
leading  and  trailing  edges  of  the  roll  cloud  was  rather  severe.  A  narrow  zone 
of  comparatively  smooth  flow  existed  under  the  roll  cloud  over  the  center  of 
the  Valley. 

The  vave  length  of  the  flow  appears  to  increase  with  height;  measured 
from  trough  to  trough  It  varies  from  60,000  ft  (Id  km)  at  Z  *  7,000  ft  to 
70,000  ft  (21  km)  at  Z  *  30,000  ft.  An  average  value  is  67,000  ft  (20  km) 
which  is  also  that  at  Z  -  15,00''  ft.  .  7,000  ft  (2,150  m)  at  the  mean 

altitude  of  13, 500  ft.  riaxiiaun  vertical  velocities  measured  along  the  flight 
path  were  +41  and  -31  ft  s-1;  the  locations  of  these  are  shown  in  the  cross 
sections.  was  115  ft  s'1  (68  knots)  near  24,000  ft  at  the  point  indicat¬ 

ed.  Measuring  C  and  Lx  along  a  vertical  at  x1  ■  32, 500  ft  through  the  in¬ 
flection  point  of  the  flow,  and  computing  U  and  v  frees  the  formulas  U  »  c/pAx 
and  v  -  U/3  tan  s',  some  interesting  results  are  obtained:  maxima  of  U  at 
the  inflection  points  occur  at  Z  ■  15,750  ft  where  U  •  100  ft  (59  knots) 
and  at  Z  -  27,550  ft  where  U  ■  96  ft  s’*  (57  knots),  and  a  single  maxima  of 
v  »  28  ft  s"^  occurs  at  Z  ■  15,250  ft. 

Of  greater  interest  are  the  synoptic  variations  of  wind  speeds  between 
troughs  and  crests  at  different  levels  as  measured  along  the  path  of  Flight 
2018  in  Fig.  3.28.  In  the  levels  above  the  roll  cloud  zone  the  wind  speed  is 
least  in  the  trough  and  neatest  in  the  crest  of  the  flow.  Near  300  Mb  the 
speed  varied  from  21  as"*  at  the  first  lee  trough  to  y  ms-1  at  the  crest  to 
21  jus**  at  the  second  trough.  Hear  400  mb  a  similar  difference  is  found;  the 
speed  varies  from  24  ms*1  at  the  trough  to  34  ms-1  at  the  crest.  In  the  levels 
below  the  roll  cloud  the  wind  speed  is  greater  in  the  troughs  than  in  the 
crests  as  can  bo  seen  by  comparing  the  ahannel  width  at  the  troughs  and  the 
crests  in  those  levels.  The  horizontal  wind  speeds  and  values  of  the  other 
synoptic  fields  measured  at  critical  points  in  the  vertical  plane  of  the  strong 
lee  vave  with  rotor  cloud  are  listed  in  Table  3.1  and  discussed  further 
below. 


Other  fields.  The  mean  "sounding"  of  the  flight  (Fig.  3.29)  straddles 
that  of  the  Standard  Atmosphere.  The  various  temperatures  measured  along  the 
flight  path  are  also  shown.  As  a  first  approximation  it  appears  that  two 
nearly  adiabatic  layers  are  separated  by  a  rather  thick  stable  layer  between 
540  and  450  mb'  (16,000  to  21,000  ft).  A  smaller  stable  layer  appears  between 
400  and  3^5  mb .  The  two  layers  of  steep  lapse  rate  appear  to  have  potential 
temperatures  of  301°  and  317°  K  respectively.  The  9  field  fits  the  field  of 
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Table  3-1  FLIGHT  2018,  1 6  FKBRUARY  1952 


Time 

Z 

*' 

P 

T 

0 

V 

u 

D* 

'W 

Position 

ft 

ft 

mb 

°C 

°K 

■a-1 

ms"l 

ft 

1345 

1st  trough 

29,790 

20,200 

304 

-46.5 

319 

0 

21 

0 

1348 

wave  crest 

30,400 

54,500 

294 

-51.0 

316 

0 

31 

-120 

1350 

2nd  trough 

20,800 

86,800 

319 

-44.5 

317.5 

0 

21 

+  80 

1521 

1st  trough 

(23,450) 

18,000 

402 

-32.0 

313.5 

c 

24 

---- 

1525 

vsve  crest 

(23,400) 

56,000 

403 

-33.0 

312 

0 

34 

— — 

1217 

downdraft 

12,420 

j2,£0C 

032 

-  7.0 

304 

-5 

9 

-  55 

1220 

wave  crest 

10,330 

47,100 

374 

-  4.5 

301 

0 

4 

0 

1223 

updraft 

11,0?0 

32,o00 

605 

-  5.0 

302 

♦7 

12 

.110 

1547 

wave  crest 

*4,170 

45,500 

589 

-15.0 

300.5 

0 

13 

-100 

1549 

downdraft 

11,000 

65,400 

669 

-  5.5 

300.5 

-10 

15 

-  40 

♦At  scaM  points  I)  Is  indeterxJnate  because  :.o  Independent  value  of  Z  was 
computed,  the  position  in  those  cases  having  been  determined  by  Reydist  or 
by  one  theodolite . 
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action  fairly  vail,  i.e.,  it  dots  not  contradict  the  assimpxion  of  adiabatic 
flow,  but  in  places  it  is  inconsistent  because  of  time  and  space  differ- 
oncer.  V/lth  reference  to  the  values  of  T  and  0  listed  in  Table  3*1#  it  is 
found  tnat  the  lowest  tester atures  are  found  in  the  crests  at  all  lwvsls  and 
the  iisolines  of  potentiel  temperature  approximate  the  streamline  pattern  as 
should  be  expected  if  the  taq>erature  chances  aloeg  a  streauline  art  adiabatic 
and  the  lapse  rate  Is  less  than  the  dry  adiabatic  rate* 

The  D  velues  at  the  surface  chanced  Markedly  as  a  result  of  the  steady 
pressure  fall  durlnf  the  flight.  The  barogram  fro*  Manaanar  la  shown  in  Fig. 
h.2  of  Chapter  4  where  special  surface  observations  of  this  date  are  discussed. 
The  following  values  at  various  stations  are  given  for  the  beginning  and  and  of 
the  flight: 


Station 

LP 

SB 

cc 

EC 

H 

I 

K 

BIH 

1221  PST: 

♦90 

-55 

-no 

-no 

-115 

-90 

-no 

-n5  ft 

1548  PST: 

♦45 

-125 

-205 

-210 

-235 

-225 

-255 

-205 

It  is  probable  that  the  heights  of  isoharic  surfaces  aloft  would  haws  de¬ 
creased  by  at  laast  100  ft  and  probably  200  or  300  ft  during  the  tlae  of  the 
flight.  Thus  again  a  quasi- synoptic  cross  section  of  the  D  field  la  rather 
unclear  and  the  coverage  is  incomplete  with  a  large  gap  in  the  Baydist- tracked 
section  of  the  flight  where  no  Z  values  exist.  In  general  the  values  Increase 
upward  to  610  ah  where  the  sounding  crossed  that  of  the  Standard  Atmosphere 
and  above  that  level  decrease. 

Significant  values  of  D  measured  along  the  flight  path  are  given  in 
Table  3.1.  In  the  higher  levels  near  300  A,  0  values  appear  to  be  highest 
in  the  troughs  and  lowest  in  the  crest  although  one  should  tcqper  this  con¬ 
clusion  with  the  observation  that  since  the  points  are  not  at  the  sane  level, 
there  is  undoubtedly  sows  influence  by  the  vertical  gradient  of  D,  however, 
the  differences,  of  the  order  of  100  ft,  ere  in  close  agreement  with  the  ob¬ 
served  acceleration  of  the  wind  from  trough  to  crest  at  that  level  as  will  be 
demonstrated  in  Chapter  9*  The  D  values  measured  directly  below  the  roll 
cloud  at  the  crest  of  the  flow  appear  to  be  somewhat  greater  than  those  in 
either  updraft  or  downdbralt-unfOrtunately,  to  measurements  vers  made  in  either 
trough— but  this  result  is  also  somewhat  inconclusive  because  of  differences 
In  elevation  of  the  points  and  the  consequent  effect  of  the  vertical  gradient 
of  D. 


Sounding  and  wind  profiles.  Upwind  conditions  at  Merced  are  shown  in 
Fig.  3.3S:  sounding  shovslrather  moist  air  up  to  400  ah  and  a  stable  lapse 

rate  with  one  inversion  near  650  nb  (12,000  ft)  and  another  near  480  A 
(19,000  ft).  The  tropcpei’se  is  at  218  «*)  (36,000  ft)  with  a  tssqp-xrature  of 
-6o^C.  A  stratospheric  inversion  has  a  maxlscm  temperature  of  -49°C.  The 
wind  profile  shows  a  rather  strong  shear  to  25,000  ft,  above  which  the  geo- 
strophic  speed  appears  to  be  nearly  constant.  Unfortunately,  no  Lodgepole 
upper  air  data  were  obtained.  The  Bishop  winds  at  07 00  end  1200  P9T  are 
shown  in  Fig.  3.29* 
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7.  Flight  2020,  21  February  1952;  a  weak  lee  wave. 


Claud*  and  weather.  Wispy,  veil- like  lenticular  cloi  da  in  irregular 
patterns  appeared  over  Ovens  Valley  (Fig.  3*31)*  forming  and  disappearing 
at  irregular  interval*.  Stratocuaull  lay  in  the  valleys  east  of  the  Inyo 
Mountain*  iltfe  taps  at  about  9,000  ft.  Another  hand  of  atratowa ilua  at 
ab?t  the  sac*  altitude  atretched  along  the  Sierra  vest  of  the  AT  aha—  Sills. 
a  ligh  altocuoulus  hand  thickening  in  the  northwest  showed  — ooth  wav#  for* 
along  its  leading  edge* 


Flight  turnery.  Weak  updrafts  allowed  a  aaxisam  altitude  of  lfi,000 
ft,  froc  which  deec ending  downwind  and  upwind  runs  over  the  Valley  —re  aade 
(Fig.  3.32). 


3tre— lines.  A  sanevhat  abnormal  flow  pattern  resulted  flraa  the 
streesslln*  analysis  (Fig.  3*33)*  The  downwind  run  passed  through  two  wave 
crests  to  a  third  which  lay  over  the  Inyo  Mountains.  However,  the  — asure- 
a—its  of  the  upwind  flight  would  seen  to  indicate  a  single  crest  of  longer 
wav*  length  in  the  lover  levels.  Since  this  result  is  not  in  agr—  isnt  with 
either  theory  or  ctner  observations,  an  explanation  is  required.  It  la  sug¬ 
gested  that  a  separate  wave  syst—  was  induced  on  the  lew  level  (8,000  to 
9,000  ft)  Inversion  by  the  predceinantly  northwest  wind  at  and  below  that 
level;  that  that  vave  systen  stay  have  oriented  itself  parallel  to  the  trans¬ 
verse  ridges  of  the  eastern  Sierra  escarpaent;  and  that  the  sailplane's  path 
— y  have  been  along  a  band  of  upward  action.  Local  convection  or  thernals 
can  be  invoked  but  appear  unlikely  as  an  explanation. 

In  the  upward  portion  of  the  wave  the  half-wave  length  is  about 
15,000  ft,  suggesting  a  full  wave  lei^U.  of  30,000  ft  (9.2  ka)  and  the 
— ' xl—  vertical  displacement  about  1500  ft.  i ne  constant  used  for  chan¬ 
nel  thickness  was  5*  The  wind  was  weak;  the  sailplane  was  able  to  spiral, 
fly  parallel  to  the  Sierra,  and  upwind  with  ease.  The  lift  was  somewhat 
better  south  of  the  tracking  network.  Lift  'ias  found  at  the  leading  edge 
of  cloud i  wisps  but  vas  not  continuous  between  clouds.  The  *<—  U  was 
70  ft  s"~  (Al  knots)  and  the  nasi—  vertical  velocities  were  +10  and 
-7  ft  s  .  As  in  the  straam Ilnec  of  Flight  2015,  the  trough  tilts  upwind 
with  altitude. 


Other  fields.  The  sounding  was  cooler  than  Standard  Atmosphere 
(Fig.  37FT"  Stall «  layers  appeared  between  710  and  690  mb  and  between 
605  and  580  A.  The  — tIbsbb  deviation  of  any  individual  point  from  the 
curve  was  il°c.  Ae  temperature  field  in  the  cross  section  is  not  sig¬ 
nificant  in  itself,  Siailarly,  the  9  field  is  reasonable,  i.e.,  it  can 
be  analyzed  to  agree  with  the  streamlines,  but  it  is  of  insufficient  cover¬ 
age  and  accuracy  to  indicate  the  lee  wave  when  analyzed  independently.  D 
values  were  negative  at  the  surface  and  decreased  with  altitude,  but  their 
horisontal  variation  in  the  vertical  plane  presented  a  confused  and  in¬ 
significant  pattern. 


Soundings  and  wine,  profiles.  Upper  sir  data  free  Merced  and  Lodgxrpol* 
are  shown  in  rfg».  3.35  and  3 >3^,  respectively.  Bishop  vi  ids  are  plotted  in 
Fig.  3.3*. 
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8.  Flight  2023.  19  March  1952:  a  strong  lee  wave. 

Clouda  and  weather .  At  sunrise  the  fohnvall  in  the  vest  svept  in  a  white 
blanket  down  the  Sierra  slope,  to  the  south  was  a  vide  fohngap  over  a  long 
cloudfall,  and  a  Massive  smooth- topped  roll  cloud  hovered  over  the  east  side  of 
the  Valley  surmounted  by  a  high,  stationary  arch  cloud  (Fig.  3*36).  The  ’.rave 
crest,  with  an  apparent  dovnvlnd  tilt  with  height,  lay  exceptionally  far  back 
froc  the  Sierra  and  the  clouds  vere  higher  than  usual.  The  top  of  the  cloud 
deck  over  the  Sierra  vas  at  17,000  ft,  while  that  of  the  roll  cloud  was  at 
19,000  ft.  The  base  of  the  roll  cloud  vas  at  14,200  ft  at  its  leading  edge  over 
the  center  of  the  Valley  and  at  16,500  ft  directly  over  the  Inyo  Mountains. 
Lenticular- fora  clouds  vere  observed  as  high  as  43,000  ft.  The  vave  phenomena 
persisted  all  day  but  by  evening  vere  diminishing. 


Flight  suaaary.  On  the  tow,  moderately  turbulent  air  vas  encountered 
at  low  levels  vith  rates  of  climb  and  fall  of  the  order  of  *2,000  ft  min**  as 
low  as  7,000  ft.  The  sailplane  vas  forced  to  release  in  strong  turbulence  vest 
of  Big  Pine  at  9, 500  ft  altitude  and  continued  smoothly  upward  at  a  rate  of 
?,000  ft  min"  .  In  20  minutes  an  altitude  of  33,000  ft  vas  reached,  by  which 
t  se  the  sailplane  vas  over  the  tracking  area.  The  wind  speed  being  exception¬ 
ally  strong  and  the  downdraft  of  the  vave  apparently  east  of  the  Inyo  Mountains, 
no  dovnvlnd  run  vas  node  because  of  the  uncertainty  of  being  able  to  return 
upwind  to  the  Ovens  Valley.  Exploring  the  lift  zone  along  the  Sierra  crest 
(Fig.  3.37)  the  sailplane  worked  southward  and  continued  to  rise  leeward  of 
Mt.  Whitney.  The  tropo pause  was  penetrated  at  39,000  ft  aa  the  sailplane  con¬ 
tinued  to  soar  at  1,000  ft  ain-1  into  the  stratosphere.  A  maxlual  altitude  of 
44,500  ft*  vas  reached  at  1332  PST.  A  deliberate  descent  vas  aade  from  that 
point  though  the  rate  of  clisfe  vas  still  +700  ft  aln*l.  The  return  to  Bishop 
vas  aade  by  a  "crabbing”  flight  up  the  Valley  in  the  li ft  zone.  Considerable 
variations  of  horizontal  vind  speed  and  updrafts  vere  experienced  as  roll  cloud 
fragments  formed  and  disappeared  rapidly  in  the  lee  of  Coyote  Ridge  southwest 
of  Bishop.  Moderate  to  heavy  turbulence  vas  encountered  at  13,300  ft  east  of 
Coyote  Ridge. 


Streamlines.  Due  to  the  high  altitude  at  which  the  tracking  run  vas  be¬ 
gun  and  its  limitation  to  the  updraft  zone,  the  streamline  pattern  (Fig.  3.38) 
covers  a  rather  small  area.  Consequently,  an  exact  determination  of  the  vave 
length  vas  not  possible  and  both  the  solitude  and  vertical  velocities  are 
probably  less  than  half  the  values  of  those  at  20,000  ft.  The  constant  used  for 
channel  width  was  7.5- 

Prom  the  half-vmve  length  it  appears  that  the  vave  len 
and  40,000  ft  altitude  vas  of  the  order  of  90,000  ft  (28  km), 
same  altitude  range  in  the  cross  section  is  about  4,OOC  ft, 
levels  vas  near  290  deg;  the  average  U  conponent  vas  117  it  s"1  (68  knots)  and 
the  atxiSBfli  U  vas  171  ft  s"l  (101  knots)  measured  near  40,000  ft.  No  systematic 
vind  gradient  along  the  y'  axis  vas  detected,  probably  because  of  the  insepara¬ 
bility  of  time  and  space  changes.  in  the  cross  section  vas  +21  ft  s"l  at 

36,500  ft.  At  40,000  ft  v  exceeded  +10  ft  a~l.  It  is  probable  that  vertical 
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velocities  in  the  roll  cloud  region  vere  of  the  order  of  ioO  ft  s"1  vith 
shorter  period  gusts  of  the  order  of  ilOO  ft  s"1.  The  tcyplane,  exploring 
the  lower  levels  of  the  lee  vmve  in  level  flight  attitude  after  the  sail¬ 
plane's  release,  experienced  steady  3,000  ft  nin’l  rise  tear  the  leading 
edge  of  the  roll  cloud  and  a  6,000  ft  nin*^  fall  in  the  downdraft  southeast 
of  Bishop  and  vest  of  Black  Mountain  of  the  Inyo  range. 


Other  fields.  A  flight  sounding  is  plotted  in  Pig.  3-39-  The  air 
was  stable  between  550  and  500  ah  and  approximately  dry  adiabatic  to  the 
tropopense  near  200  mb  (39,000  ft).  A  nlnlaum  temperature  of  -78 °C  was 
measured  there,  and  at  44,500  ft  (154  mb)  the  temperature  hod  risen  to 
-7l°C.  Comparison  of  the  ascent  and  descent  to^>erature  curves  Indicates  a 
considerable  cooling  aloft  during  the  time  of  the  flight.  At  18,000  ft 
the  air  had  cooled  about  10°C  in  3  hours.  This  can  be  attributed  to  the 
passage  of  the  cold  front  at  these  levels  as  can  be  seen  from  the  large-scale 
synoptic  charts  in  Chapter  5.  (See  Pigs.  5.46,  5*47,  and  5.43.) 


The  field  of  potential  temperature  vas  chaotic  in  the  cross  section; 
values  ranged  froa  307°  to  317°  K  with  no  logical  pattern.  The  reasons  for 
thi6 — large  d/9t  and  d/dy' — are  easily  seen  on  cran.  nation  of  the  sounding 
and  the  horizontal  flight  path.  Another  difficulty  in  O  analysis  on 
vertical  cross  sections  is  the  small  variation  of  6  in  an  altitude  layer 
of  several  thousands  of  feet  whereby  actual  horizontal  variations  are  of  the 
same  order  of  magnitude  as  tiae  variations  and  errors  of  measurement. 

£  values  measured  reflect  the  synopti  c  situation  and  perhaps  also 
the  variations  caused  by  the  lee  wave.  The  values  were  generally  negative, 
ranging  in  the  cross  section  tree.  4170  to  -430  ft.  The  higher  values  with 
respect  to  the  (x',z)- plane  vere  found  in  the  trough  to  the  meat  and  la 
the  lover  altitudes;  the  lover  values  vere  found  in  the  east  at  the  higher 
elevations  near  the  crest  of  the  wave  flow. 


Soundings  and  wind  profiles.  As  no  radiosonde  data  from  Merced  vere 
available,  and  the  upper  flov  vas  nearly  vesterly,  a  aeon  sounding  for  OaMand, 
and  Santa  Marla  vas  constructed  (Pig.  3.40).  It  is  similar  to  the  sounding 
of  l8  December  1951  (Pig.  3-14),  but  vlth  a  higher  inversion  at  480  mb 
(19,000  ft)  and  a  clear-cut  tropopause  at  193  =*>  (39,000  ft).  Unfortunately, 
true  winds  are  lacking  shove  10,000  ft,  so  geostrophlc  vinos  used  to 
construct  the  vind  profile. 


The  Sequoia  sounding  is  shown  in  Pig.  3.33-  I*u  vind  measurements 
could  be  cade  because  of  the  strong  flov  and  the  presence  of  the  cap  cloud. 
In  Fig.  3*39  are  also  3hovn  the  Bishop  winds  aloft.  The  1200  PST  ascent 
reached  an  altitude  of  60,000  ft  near  the  time  that  anrlmua  altitude  was  at¬ 
tained  by  the  sailplane.  Of  great  interest  are  the  strong  positive  vertical 
shear  between  7,000  and  25,000  ft  and  the  large  negative  shear  above  45,000 
ft. 


9.  Plight  2025*  30  i-larca  1952:  a  moderate  lee  wave. 


Clouds  and  weather.  Bo  lenticular  clouds  appeared  over  Ovens  V_lley 
but  wave  forms  were  observed  to  the  north  and  over  the  Mojave  Desert  to  the 
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south.  There  were  a  fee  scattered  cumuli  and  a  few  transitory  roll  cloud  frag¬ 
ments  in  the  Independence  area.  The  Gan  Joaquin  Valley  was  covered  with  a 
strut vrauulrs  deck. 


Flight  summary.  A  two- sailplane  operation  was  performed  but  only  the 
data,  from  the  theodolite- tracked  x’light  was  reducible.  The  path  of  this 
flight  is  shown  in  Fig.  3.4l.  Release  was  made  at  13,790  ft  after  moderate 
turbulence  (-6,  +2  G'c)  war.  experienced  on  tov.  It  was  found  that  the  best 
err.  ‘  f*  lay  between  Black  Mountain  and  Kearsarge  Pass.  The  maximum 
altitude  reached  was  27 ,000  ft.  A  second  vave  crest  was  not  found  on  the  first 
downwind  run  but  an  updraft  zone  of  a  second  wave  was  encountered  at  a  lower 
level  on  the  second  run.  Rotor  zones  were  marked  by  turbulence  rather  than 
clouds.  Below  8,000  ft  only  turbulence  and  downdrafts  were  encountered. 


Streamlines.  Because  of  sj>ace  differences  along  the  flight  path  in  the 
y'  direction,  it  was  necessary  to  plot  and  analyze  three  separate  vertical  cros 
sections.  All  were  quite  similar;  one  of  them  is  reproduced  in  Fig.  3.42.  The 
principal  difference  among  the  three  cross  sections  was  the  position  of  the 
trough  and  crest  of  the  flow  with  respect  to  x ' .  These  varied  by  approximately 
10,000  ft-,  along  x'  as  a  consequence  of  the  west-northwest  flow  and  the  varia¬ 
tion  of  the  Gierra  crest.  In  all  three  the  wave  length  appeared  to  be  about 
25,GOu  rt  and  2^rnax  about  3,000  ft.  C  was  5.  The  direction  of  was  about 
300  deg;  U  was  69  ft  s-1  (4l  knots)  at  25,000  ft.  Vertical  velocity  maxima 
were  +20  and  -8  ft  s-i-  ug  indicated  on  the  cross  section. 


Other  fields.  A  flight  sounding  is  shown  in  Fig.  3.43.  D  values  ore 
positive;  tney  increase  iYor.  west  to  east  and  generally  increase  with  altitude 
with  an  apparent  minimum  value  at  24,000  ft. 


Sounding  and  wind  profile.  Again,  no  Merced  sounding  was  made  hn+. 
the  flew  was  vest- northwest,  the  Oakland  1500  GOT  data  are  used  to  represent 
upwind  conditions  (Fig.  3-44).  Ho  Lodgepole  upper  air  data  were  obtained.  The 
Bishop  pibal  is  shown  in  Fig.  3«43« 


Summary  of  meteorological  results. 


The  streamline  cross  sections  and  soundings  presented  in  this  chapter 
summarize  the  air  flow  pattern  in  the  lee  of  the  Sierra  and  the  quasi- synoptic 
upwind  bemperature  and  wind  profiles  in  the  vertical  for  9  selected  cases. 
Considering  the  empirical  results  irom  all  the  cases,  the  following  conclusion.', 
were  dr  aim: 

1)  Some  lee  waves  appear  to  have  relatively  no  tilt  with  height  vhile 
in  others  there  is  rather  pronounced  upwind  tilt.  The  observed  wavelengths 
ranged  from  14,000  ft  (4.4  km)  in  the  weak  lee  wave  of  29  January  1952  to 

90, OCX)  ft  (28  km)  in  the  strong  lee  wave  of  19  March  1952. 

2)  The  flow  is  adiabatic;  temperatures  are  coolest  in.  the  crests  and 
warmest  in. the  troughs  at  all  levels.  In  general,  leeward  soundings  appear  to 
have  steeper  lapse  rates  than  chose  from  windward  with  warmer  temperatures  in 
the  lower  troposphere  and  cooler  temperatures  xn  the  upper  troposphere. 
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3)  In  strong  lee  waves  without  appreciable  tilt,  the  maximum  wind 
speed  in  the  horizontal  occurs  at  the  trough  at  levels  below  the  roll  cloud 
tone  and  at  the  crest  at  lev eld  above  the  roll  cloud  zone,  At  a  level  in 
the  roll  cloud  zone  the  vertical  velocities  appear  tc  reach  maximum  values. 

4)  All  of  the  3  cases  of  strong  lee  waves  vere  associated  with 
similar  upwind  temperature  soundings  with  pronounced  inversion  layers  whose 
tops  lay  between  12,000  ar.d  19,000  ft  altitude.  The  other  lee  wave  cases 
of  moderate  and  weak  intensity  were  associated  with  varying  degrees  of 
stability  in  the  troposphere  but  generally  vitliout  big  inversion  layers  near 
mountain  top  level. 

5)  In  the  3  strong  lee  wave  cases  the  wind  profiles  vere  similar 
with  large  vertical  shear  in  the  lover  troposphere  and  with  speeds  increasing 
to  maximum  values  of  the  order  of  100  knots  near  30,000  and  40,000  ft.  Wind 
profiles  for  the  moderate  ar.d  weak  lee  wave  examples  shoved  lesser  wind 
speeds  at  mountain  crest  leve]  and  lesser  vertical  shear  in  the  troposphere. 

6)  The  principal  gradient  of  D  value  is  that  in  the  vertical  du?  to 
the  sounding  being  warmer  ur  colder  than  that  cf  the  Standard  Atmosphere. 
Significant  horizontal  differences  in  D  are  detectable  only  in  strong  waves. 
In  the  only  strong  wave  case*  allowing  comparison  between  points  at  roughly 
the  same  level,  it  was  found  that  in  the  upper  layers  there  was  a  gradient 
of  D  from  trough  to  crest  of  the  order  of  100  ft;  this  difference 

was  ir.  agreement  with  the  observed  increase  in  wind  speed  of  10  n  s“^ 
from  trough  to  crest  at  tiiat  level ,+  In  the  lower  Iav®*-*  cf  a  strong  lee 
wave  the  gradient  of  D  between  trough  and  crest  is  either  less  than,  or  in 
the  opposite  direction  to,  that  in  the  upper  levels.  In  none  of  the 
flights  were  large  negative  D  values  (altimeter  errors)**  measured. 


Conclusions  concerning  the  problems  of  analysis.  Streamlines  de¬ 
rived  from  the  horizontal  and  vertical  wind  components  show  most  clearly  a 
"synoptic"  picture  of  the  lee  wave  vhile  the  analyses  of  the  fields  of 
temperature,  potential  temperature,  and  pressure  (D  values)  present  more 
complicated  and  somewhat  confused  patterns  because  of  their  greater 
sensitivity  to  instrument  and  data  reduction  errors,  "streakiness"  of  these 
variables  in  the  atmosphere  itself,  and  to  time  and  space  (north-south) 
variations  in  the  course  of  the  flight.  It  appears  that  if  a  lee  wave 
persists  for  several  hours  during  a  day — and  it  is  usually  observed  to  do 
that — the  wind  field,  which  depends  upon  the  slope  of  pressure  surfaces 
which  in  turn  depends  upon  the  spatial  (horizontal  and  vertical)  gradients 
of  temperature,  can  remain  more  nearly  the  same  vhile  the  absolute  values 
of  T,  and,  consequently,  6  ar.d  D,  are  changing  more  rapidly.  The  P  field 
was  further  limited  to  theodolite- tracked  portions  of  the  flight  since  no 
Z  values  vere  gotten  from  Reydist.  Finally,  analysis  of  the  9  field  was 
nearly  impossible  throughout  deep  layers  where  the  lapse  rate  was  nearly 
adiabatic  since  in  those  regions  instrument  errors,  time  variations 
(30/dt),  and  north-south  variations  (99/ay')  vere  all  of  the  same  order  of 
magnitude  as  tne  vertical  variation  (3Q/9z). 


^Flight  2013,  16  Feoruars 
+See  Example  1,  Ciiapter  9» 

n  n 

This  subject  is  discussed  more  fully  in  Chapter  9. 


Leaving  the  discussion  of  other  techniques  of  measurauent  to  a  later  chapter, 
refinement  of  this  (sailplane  tracking)  technique  of  obtaining  quantitative  lee 
vave  data  would  require  these  irpr  overrents: 

1}  More  accurate  instr'aentation.  In  particular,  it  would  be  desirable 
to  have  airborne  theroosuters  accurate  to  the  order  of  ±0.1°C. 

2)  The  flight  should  be  Bade  along  the  wind  and  cover  as  large  a  section 
of  the  vortical  plane  as  possible  within  a  relatively  short  time  period  in  order 
to  minimise  effects  due  to  non-fulfillaei.t  of  the  steady  state  condition, 
d/at  •  0  and  the  two-dimensional  condition,  d/dy'  *  0. 
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4.  ROTCR  FLOW  STUDIES 


iLtro  ’uction. 


What  is  known  as  the  rotor  zone  is  the  layer  of  the  lee  wave  flow 
centered  near  or  somewhat  above  mountain  top  level  and  extending  downward 
to  the  surface  and  upward  through  a  depth  varying  from  2,000  to  10,000  ft. 

It  Is  generally  sore  turbulent  than  the  laminar- like  flow  of  the  upper 
wave  and  nay  or  nay  not  be  narked  by  rotor  (roll)  clouds.  The  air  flow 
within  the  cloud  is  not  actually  rotor-like  but  gives  this  illusion  because 
of  ihe  strong  vertical  shear  through  the  layer,  for  examples  see  Flea. 

3.2,  3.9,  3.28,  and  3.36  of  Chapter  3* 

Awareness  of  tive  rotor  or  roll  cloud  as  an  important  feature  of 
arny  Sierra  lee  waves  increased  greatly  during  the  latter  part  of  the  1951-2 
flild  project.  After  a  study  of  the  tine- lapse  notion  picturea  of  the 
rotor  cloud  phenomena  of  18  December  1551,  it  was  pointed  out  by  Pro¬ 
fessor  J.  Bjerknes  that  the  flow  pattern  resembled  that  of  an  hydraulic 
pressure  Jump  and  it  was  decided  that  this  hypothesis  should  be  tested 
by  obtaining  pertinent  daua  from  the  rotor  cloud  zone. 

Special  neacurener.ts  which  were  begun  in  February,  1952,  are  de¬ 
scribed  In  Chapter  1.  They  include  the  meteorograph  flights,  the  place¬ 
ment  of  additional  barographs  across  Owens  Valley,  and  the  nob lie  surface 
observations  of  Ik.  J.  ICnox.  These  data  were  treated  in  a  preliminary 
study  in  1952  by  Knox,  who  developed  a  one- dimensional  dynamic  model  of 
a  pressure  Ji*p  and  applied  this  model  to  test  the  observations  frou  the 
case  of  18  March  1952.  The  results  of  this  investigation  were  encourag¬ 
ing  but  further  progress  was  frustrated  by  serious  uncertainties  in  data 
reduction  and  analysis,  and  the  lack  of  certain  critical  mmasuremants. 
Specifically:  the  ground  stations  were  unaurveyed  at  the  time  and  an 
adequate  large-scale  topographic  map  of  the  area  did  not  exist;  and  there 
were  no  quantitative  measurements  of  wind  velocity  at  the  mountain  crest 
level,  above  the  cloudfall,  and  over  the  rotor  cloud. 

Having  lain  fallow  for  a  few  years,  these  data  have  now  been  re¬ 
examined  with  the  object  of  organizing  them  in  a  coherent  fashion.  The 
cases  chosen  for  presentation  of  analyzed  data  are  the  strong  vsves  of 
l6  February  and  19  March,  the  sailplane  data  of  which  were  treated  in 
Chapter  3,  and  two  additional  cases  which,  except  for  unfortunate  fail¬ 
ures  in  film  transport  and  processing,  would  have  ha.’  complete  sailplane 
coverage  as  veil.  These  latter  two  cases  are  the  moderate  wave  of  3 
March  and  the  strong  wave  of  18  March  1952.  The  surface  and  upper  air 
synoptic  charts  for  all  four  cases  treated  here  are  ah own  and  discussed 
In  Chapter  5« 
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Treatment  of  ths  data 


Surface  observations  and  mcanureceTts.  T  .e  locatio-.s  and  altitudes  of 
tne  barograph  stations  are  listed  in  Chapter  3  :  id  are  shot:.:  Graph¬ 
ically  in  the  horizontal  and  vertical  flight  ae>  tions  of  that  chapter.  The 
barographs  a",  the  Ski  Hut  (SH)  and  Monzannr  (M)  vere  set  according  to  the  cor¬ 
rected  mercurial  barometer  readings  at  those  stations.*  At  all  the  other 
stations  the  barographs  vere  set  by  a  precision  aneroid  barometer  which  in 
turn  vas  corrected  to  a  contemporary  reading  o i  the  mercurial  barometer  at 
Manzanar.  The  barograms  vere  corrected  for  tii  e  and  pressure  errors  by  coupar- 
lng  chart  readings  vith  notes  taken  at  times  o  setting  and  removal  of  charts. 
Seme  random  errors  are  probable  due  to  variabl  -•  hysteresis  in  the  aneroids  end 
the  inability  to  check  and  reset  the  barogrsmr  daily  or  oftener  as  is  usually- 
done  at  weather  stations;  the  probable  maxnms  absolute  error  of  this  type  is 
±0.03  inch. 

Other  fixed  instruments  vere  a  themof  aph  and  on  anemograph,  both  lo¬ 
cated  at  Mmzanar.  The  thexnogram  vos  correc  ed  for  time  and  mercurial 
thermometer  readings  at  the  'oewlnnirg  and  inc  of  each  trace.  The  anemogram, 
which  indicated  wind  direction  or.d  speed  graj  lically,  vas  corrected  for  chart 
time  errors. 

The  mobile  surface  measurements,  take  .  at  specified  points  at  half-mile 
intervals  across  Owens  Valley  between  Kearsa*ge  (K)  and  Eckert' s  Cabin  (EC), 
consist  of  the  following: 

1)  Pressure  measured  by  a  Wallace  a  d  Tienaan  aneroid  barometer  to 
the  nearest  tenth  of  a  millibar,  and  correc  ed  to  the  mercurial  '>«ro'wter  at 
Nsnzanar.  Correction  for  local  gravity  (mi  us  1  mb)  was  aJ.so  app.  !. 

2)  Temperature  as  measured  by  a  ate  idard  sling  psychrsestti .  '  ">« 

nearest  tenth  of  a  degree  Centigrade. 

3)  Wind  speed  measured  by  a  Friez  hree-cup  aneacoeter  to  the  n-  s 
mile  per  hour. 

U)  Wind  direction  measured  by  a  wild  vane  and  a  pocket  compass  to  a 
sixteen  point  compass  scale. 

3)  Motes  on  the  development  and  m»ement  of  the  rotor  zone.  These 
notes  are  documented  as  well  as  possible  rlth  photography. 

Pressure  data  fxom  ooth  mobile  am  fixed  instruments  vere  reduced  to  D 
values  by  converting  pressure  to  pressure  altitude  and  subtracting  the  latter 
from  the  surveyed  altitude  of  the  station.  Temperature  vas  reduced  to  poten¬ 
tial  tenperature  by  the  formula  ©  -  T  (1 00/p,'27T.  Because  of  their  relevance 
to  vertical  cross  sections  of  the  wave  f  .ov  ar.d  for  the  reason  that  they  gen¬ 
erally  vary  more  slowly  vith  height  than  p  and  T,  D  and  9  vere  used  to 
represent  the  surface  pressure  and  teaperature  fields,  respectively.  Since  the 


^Besides  corrections  for  temperature  and  scale  errors,  a  correction  of 
minus  0.027  inch  vas  applied  for  local  gravity  as  explained  in  Appendix  B 
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measurements  were  made  during  a.  period  of  several  hours  and  since  i^crtant 
synoptic  and  diurnal  changes  in  the  fields  were  occurring  during  that  tine, 
it  vas  found  most  convenient  and  meaningful  to  plot  0,  D,  and  winds  on  two- 
dimensional  (t,  x')  c^iarts.  CD  these  diagrams  the  tir.e,  t,  ranged  from 
0700  to  1900  PST  and  x '  from  the  Sierra  crest  tc  the  vest  slope  of  the 
Inyo  Mountains,  In  these  analyses  the  1}  field  is  the  aost  ccagilete  since 
the  continuous  baro grams  from  several  stations  could  be  used,  vhereas  0 
and  vind  analyses  depended  solely  on  the  sob  lie  measurements  and  continuous 
data  from  only  one  station,  Manzanar.  As  can  be  seen  from  a  horizontal 
flight  section  and  fi-cm  the  map  in  7ig.  1.2,  all  of  the  stations  except 
Manx soar  (M)  fall  closely  along  x*. 


Upper  air  observation^  Meteorograph  flights  were  made  in  the  morn¬ 
ing  vmicn,  with  a  fev  exceptions,  vas  before  the  lee  waves  had  reached  their 
maximum  development.  Lack  of  a  sufficient  number  of  flight  personnel  and 
the  limitation  of  the  tracking  systems  prvented  dual  exploration  in  the  after¬ 
noon  by  both  sailplane  and  power  plane.  Consequently  the  met aerograms  could 
not  be  used  in  the  same  cross  section  as  the  sailplane  flight  data  but  had 
to  be  treated  separately. 

Cb  the  power  plane  flights  the  meteorograph  vas  suspended  in  a  frame 
under  the  left  vlng  of  the  aircraft;  temperature  and  pressure  traces  and 
time  marks  were  made  by  three  pens  on  the  blackened  chart  attached  to  the 
hand-wound  revolving  drum.  The  traces  were  made  permanent  by  dipping  the 
chart  in  a  solution  of  shellac  and  alcohol  after  removal  from  the  instrument 
at  the  end  of  the  flight.  In  reducing  these  data,  the  time  marks  were 
Identified  from  the  observer's  notes  and  the  distances  from  the  flange  of 
the  contemporary  pressure  and  temperature  traces  verv  measured  by  dividers. 
Ham  the  calibration  curves  of  the  Instrument  these  distances  were  con¬ 
verted  to  pressure  and  temperature  readings  which  were  in  turn  corrected 
for  air  speed  (dynamic  effects)  by  the  following  formulas  and  table: 


VI 

Ap 

do  mph 

+3.2  mb 

AT  -  0.85  (V^'100) 

85 

+2.8 

90 

+2.k  where 

VT  -  Vj  (p/p0)l/2 

95 

+2.0 

100 

+2.C 

and  V|  *  indicated  airspeed 
Vj  «  true  air  speed 
P  *  actual  air  density 

p0  ■  density  of  standard  conditions  of  pQ,  T0 

The  f  1  _ght  path  vas  plotted  both  on  a  (lj,T)  section  and  on  a  trans¬ 
parent  overlay  of  the  topographic  map  (scale  l:o2,5O0);  projected  on  the  x‘ 
axis;  and  plotted  in  the  (x',  Z)-plane.  Critical  points,  including  the  time 
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marks*  were  added  where  the  values  of  •  computed  as  described  above  were  plot¬ 
ted.  This  field  vas  the  only  one  analysed  in  the  vertical*  there  be in"  no 
i  i.'  c.  seas ireuent  made  of  either  wind  or  of  D  value.  Cloud  and  terrain  photo- 
"r'.pho  wore  very  useful  in  helping  to  reconstruct  the  flight  path  aiid  to  syn¬ 
thesize  the  structure  of  the  lee  wave  in  the  vertical. 

Other  upper  air  measurements  uce<l  were  Lodgepole  (IP)  soundings  which 
were  used  as  guides  in  the  analysis  of  the  6  field  over  the  Sierra  and  Bishop 
double- theodolite  pilot  balloon  computations  which  were  examined  for  effects  of 
vertical  motion. 


Cane  I,  16  February  1952:  a  strong  lea  wave. 


A  review  of  the  other  observations  from  this  date  presented  in  Chapter  3 
(Case  C),  r.my  be  made  by  the  reader.  Tie  strong  wave  shovn  in  Fig.  3*28 
was  in  the  early  stages  of  development  during  the  meteuro(praph  flight  as  can 
be  seen  by  the  cloud  structure  (Fig.  3»26a)  at  that  time.  For  this  reason  and 
the  fact  that  this  was  the  first  meteorograph  operation  with  consequent  in¬ 
experience  of  techniques*  the  data  coulu  not  be  made  .ncar.ir.cful  and  so  have 
not  been  presented  here.  However*  the  surface  measure icnts  are  shown  and  re¬ 
course  is  had  presently  to  the  Flight  2018  cross  section  for  pertinent  rotor 
tone  measurements. 

In  the  (t,  x')  distribution  of  D  in  Fig.  4,1*  the  large  pressure  fall 
throughout  the  day  at  oil  stations  is  pronounced  aid  the  temporal  gradient  of 
D  is  more  striking  than  the  spatial  gradient  until  late  afternoon*  when  a 
distinct  low  pleasure  area  formed  west  of  Independence.  The  barogrem  from 
Mansanar  is  shown  in  Fig.  4.2. 

There  was  no  thermogram  record  from  Manzanar  on  this  date  but*  fortun¬ 
ately*  the  trip  up  the  Sierra  slope  was  made  near  the  time  of  naximua  temper¬ 
ature  so  that  sene  idea  of  the  diurnal  change  can  be  hod.  The  0  analysis  (Fig. 
4.3)  suggests  that  the  isolines  of  0  are  roughly  parallel  to  the  lsolines  of  t 
but  there  are  not  enough  data  for  certainty. 

In  Fig.  4.4  are  shown  the  wind  measurements  and  various  observations 
of  weather  and  roll  cloud  positions.  The  mobile  measurements  were  made  in  a 
region  of  laterally  overlapping  roll  cloud  lines  luring  much  of  the  day.  The 
southernmost  band  la,  closer  to  the  mountain  crest  than  the  larger  band  ex¬ 
tending  northward.  This  effect  vac  probably'  due  in  part  to  stronger  wind  veloc¬ 
ities  aloft  in  the  north  and  rather  more  of  che  uprarl  Jofl  i»  the  Sierra  crest  in 
that  area.  It  will  be  recalled  that  the  same  problem  had  to  be  dealt  with  in 
the  analysis  of  the  sailplane  flight  data  on  this  date.  In  General,  the 
winds  across  the  Valley  have  large  S  or  5E  components  during  the  morning  and 
early  afternoon*  shifting  to  SW  and  then  NV f  in  the  late  afternoon.  There  is 
no  apparent  correlation  with  the  roll  cloud  positions.  The  most  abrupt  change 
in  the  diurnal  wind  pattern  occurs  between  1515  and  1530  PST*  when  the  shift 
between  southerly'  and  northerly  winds  takes  place.  This  is  clearly  not  a 
lee  vave  effect  but  appears  to  be  of  synoptic  origin*  perhaps  a  shallow 
frontal  passage  or  simply  the  reversal  of  the  y 1  pressure  gradient  in  the 
Owens  Valley  as  the  lee  trough  becomes  more  Intense  in  t.'ie  Lone  Pine  area  than 
in  the  Bishop  area.  The  following  time  section  at  the  Bishop  Heather  Bureau 
station  (BIX)  illustrates  the  changes  in  the  various  surface  fields  during  the 
day: 
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In  order  to  ascertain  quantitative  values  o f  the  various  synoptic 
fields  in  the  vertical  plane  through  this  strong  lee  vave  vith  a  well- 
developed  rotor  cloud,  one  can  review  the  measurements  at  critical  points 
along  the  path  of  flight  2018  on  this  date  (fig.  3.26),  which  data  are  sum- 
aarlsed  in  Table  3.1.  As  mentioned  in  Chapter  3,  the  aaxlmas  v  aloof 
a  vertical  through  the  Inflection  point  upwind  of  the  wave  crest  occurred  at 
15.250  ft  altitude  near  the  leading  edge  of  the  roll  cloud.  A  of  U 

along  the  ■— e  vertical  1 was  found  at  15.750  ft.  The  streamline  of  aasti» 
amplitude  paaaes  through  the  center  of  the  roll  cloud  but  its  mean  altitude — 
that  at  the  inflection  points  of  the  flow-- is  13,500  ft.  That  the  streamline 
of  maximum  amplitude  should  occur  at  a  lover  aeas  altitude  than  the  altitude 
of  the  maximum  updraft  Is  a  result  of  the  dependence  of  the  former  on  the 
maxima  slope  of  the  streaalinaj  <  ■  vU-1  rather  than  an  v  alone.  A  large 
positive  vertical  shear  in  the  U  profile  through  the  roll  cloud  gives  a  rotor- 
like  character  to  the  relative  circulation  in  and  about  the  stationary  roll 
cloud.  Negative  value?  of  U  are  found  under  the  roll  cloud  between  the 
ground  and  about  8,000  ft— well  below  the  base  of  the  cloud. 


Case  II,  3  March  1952:  a  mouerate  lee  vave. 


In  this  lee  wave  example  four  distinct  wave  crests  formed  across  Owens 
Valley  in  the  morning  and,  as  the  day  progressed,  the  wave  length  increased 


Fi*.  4.5a  -  10 IS  PST,  S  March  1951.  Iut>ird  (r«  12.000  ft.  Hi^i 
cloud  dock  o»ar  wiadovd  alopo  of  Siorro  with  loodiaf  odpa  of  oowo 
cloud  our  Ouaaa  Vallay.  Ht.  %it*oy  at  cootor  of  Croat. 


Fia.  4.5b  -  1400  PST,  3  March  1952.  Sruthward  from  Bishop 
Roll  clou  da  aad  fhhawill.  TVo  uawo  croata  ara  iadicatad,  I 
lying  over  tKt  vtittrn  tlopt  of  Ui«  layo  MooiUiii,  Pkoto 
Patter  too,  U.S.  fattier  EWraau. 


rrt 

p*i 


9} 


until  two  vave  crests  lay  over  the  Valley  and  a  third  over  the  crest  of  the 
Inyo  Mountains.  At  sunrise  the  sky  was  nearly  clear,  hut  soon  after  that  tine 
wav-  clo'dj  formed  rapidly  (Fig.  4.5a).  A  cumulus  vail  built  up  over  the 
dorra  at  15,000  ft,  at  which  level  roll  clouds  developed  over  the  eastern 
slope.  The  wave  phenomena  reached  their  maximum  intensity  about  1100  PST, 
when  both  the  wave  and  roll  clouds  were  rather  well  developed  south  of  Bit.' hop. 
By  early  afternoon  the  higher  cloud  layers  had  all  but  disappeared  and  the 
rotor  circulation  was  marked  by  detached  cloud  puffs  instead  of  a  solid  band 
(Fig.  4.5b).  The  fohnwall  swept  down  to  about  10,000  ft  at  noon  and  strong 
dovnslope  winds  with  blowing  snow  were  encountered  in  Onion  Valley.  Later  the 
wind  there  abated  and  the  cap  cloud  became  tenuous.  In  the  evening  the  sky 
over  the  Owens  Valley  was  clear  but  the  fohnwall- -probably  composed  of  falling 
8 now- -remained  for  sene  hours.  The  front  passed  that  night  and  by  the  next 
morning  the  sky  was  cloudless. 

The  analysis  of  the  meteorojram  data  is  shown  in  Fig.  4.5.  The 
Lodgepole  sounding  made  about  one  hour  after  the  flight  is  shewn  in  Fig.  4.7, 
together  with  Bishop  winds  ac  O'/OO  ai.d  1200  PST.  These  radiosonde  data  were 
used  as  guides  in  drawing  the  potential  temperature  field  over  the  Sierra. 

Mobile  observations  covered  only  the  latter  part  of  the  afternoon.  In 
the  wind  field  of  Fig.  4.3  souther V  componenwS  predominate .  Tne  fohngap  was 
rather  narrow  and  the  second  roll  cloud  line  then  lay  over  the  east  side  of 
the  Valley.  The  0  field  was  not  of  sufficient  coverage  to  permit  analysis.  At 
M  the  minimum  value  was  277°  at  070c  PST,  the  maximum  294°  at  1400  PST;  a  value 
of  295°  was  recorded  in  the  fohnwall  at  CC  near  14X  PST.  In  the  D  field  (Fig. 
4.9)  diurnal  changes  predominate;  the  maxima  were  centered  near  1000  PST  and 
the  diurnal  minima  at  about  1600  PST. 

The  thermogram  from  M  for  the  period  March  2-5,  1952  is  repro¬ 
duced  ir  Fig.  4.10.  Three  lee  waves  occirred  at  13  hour  intervals  during 
that  period.  Of  particular  interest  is  the  pronounced  fohn  effect  near  0200 
PST  on  the  morning  of  the  5th.  The  CC  and  EC  barograas  show  large  dips  near 
midnight  of  that  date,  similar  to  those  of  a  station  near  a  tornado  passage. 


Case  III,  18  March  1952:  a  strong  lee  vave. 


Had  sailplane  Flight  2022  of  this  date  been  successf.il  in  gathering 
continuous  data  along  its  path,  the  coverage  would  have  been  as  great  as  that 
of  Flight  2018  oil  February  lu.  Unfortunately,  there  exist  only  airborne 
measurements  fron  the  beginning  of  the  flight  and  only  breaking  data  from  the 
end,  and  either  >y  itself  is  insufficient  for  the  meteorological  .nalysis. 
However,  the  observations  of  that  flight  and  other  measurements  made  on  this 
date  have  provided  much  information  on  this  strong  lee  vave  with  rotor  clouds. 


Clouds  and  weather  observations.  The  17th  of  March  was  a  calm  transi¬ 
tion  period  between  the  most  severe  storm  of  the  winter  and  the  great  lee 
vaves  of  March  18  and  19.  On  the  afternoon  of  the  14th  it  began  to  snow  and 
continued  until  the  morning  of  the  l5th.  The  Bishop  Airport  was  isolated  as 
deep  drifts  blocked  the  roads  and  heavy  avalanches  occurred  in  the  nearby 
mountains.  The  morning  of  the  17th  dawned  calm  and  completely  clear,  but  at 
sunset  two  orange- colored  lenticular  cloud  stacks  lay  to  the  north  and  south- 
vest  of  Bishop. 
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Dftvr.  on  the  uerning  of  the  ldth  revealed  *  nearly  nature  Have.  Thar* 
were  broken  cimif  abd  altocum  lur  clouds,  the  latter  coagosed  aosnly  of 
smooth,  stationary  fores.  To  toe  south  vas  a  aasslve  cisailus  roll  c.oui 
while  other  detached  rotors  were  seen  In  the  lee  of  the  Sierra  in  the  northern 
end  of  Owens  Valley  as  veil  as  over  the  Mono  Lake  basin.  The  Bishop  barograph 
trace  shoved  remarkable  undulations  starting  at  OkOO  Pfltt.  The  early  netaocro- 
graph  flight  (H-19  from  0700  to  Oflko  FST)  found  strong  up-and  downdrafts 
of  the  order  of  1,000  ft/ain  as  lov  as  6,000  ft  (2,000  ft  above  the  Valley 
floor).  Three  passes  ware  made  across  the  Valley  near  Independence  at 
13,000,  18,000  and  9,000  ft  between,  over,  and  under  the  roll  clouds,  en¬ 
countering  a  —alias  lift  of  3,500  ft  min"1  vest  of  Ind^endence  at 
13,000  ft  altitude.  The  leading  edge  of  the  roll  cloud  —a  about  3  miles 
vest  of  the  Intb-pandcnce-Hanrarar  line,  while  the  trailing  adga  was  over  the 
extreme  eastern  side  of  the  Valley  above  the  fault  line  at  the  base  of  the 
Inyo  Mountains. 

Since  the  f&uwall  extended  rather  far  eastward  it  vaa  not  prudent 
to  measure  the  — atinua  downdraft  in  that  area.  The  greatest  rate  of  fall 
(-1,800  ft  min”1 )  occurred  about  over  Kearsarge  Station.  One  stile  a— t 
of  the  Inyo  Mountain  crest  the  aircraft  rose  1,0GC  ft  aia”1;  below,  strato- 
cuaulus  clouds  whirled  at  y, jOG  ft  in  the  lee  of  the  crest.  To  the  north, 
in  the  latitude  of  Old  Coop  Independence,  where  a  ridge  of  the  Sierra 
meets  the  Valley  and  the  Inyo  Mountains  bulge  farthest  westward,  the  roll 
cloud  svept  upward  abruptly  to  fora  a  tall,  smoothly- capped  tower.  Above 
this  dark  gray  mass  vas  a  clear  gap  of  blue  sky  on  either  side  of  which 
was  a  white,  stationary  wave  cloud;  one  was  over  the  center  of  the  Valley, 
the  other  over  the  iee  of  the  Inyo  .Mountains  (fig.  k*lla).  On  the  return 
flight  it  vas  noticed  that  the  ripple*  an  ponds  an  the  east  side  of  the 
Valley  indicated  a  moderately  strong  —at  wind  at  the  surface.  While  attempt¬ 
ing  to  land  at  Bishop  the  aircraft  continued  rising  600  ft  mla*1  at  5,000  ft 
with  the  control  -tick  thrust  forward.  In  order  to  descend  it  vas  necessary 
to  use  flaps  and  to  approach  the  runway  in  a  sideslip. 

The  sailplane  took  off  at  ’.Ok 5  PST,  released  in.  severe  turbulence  at 
12,000  ft  over  Bed  Mountain,  found  an  initial  lift  of  3,000  ft  min*1  19 
which  gradually  decreased  as  it  ascended,  mile  flying  in  the  gsp  between 
the  rotors  and  the  arch  cj.oud,  the  sal  lplane  suddenly  became  enveloped  in  a 
cloud.  Upon  breaking  into  the  clear  once  more  it  vaa  seen  that  in  the  same 
or—  where  the  roll  cloud  tower  bad  been  observed  earlier  in  the  morning, 
there  was  now  a  dark  pillar  of  cloud  connecting  the  rotor  cloud  with  the 
upper  vanre  deck. 

Prom  31#  000  ft  at  12;  0  PST  one  could  se-  the  fdhnvall,  heretofore 
quite  thick  and  obscuring  the  Sierra,  becoaLng  1—  s  dense;  by  12k0  it  had 
almost  completely  evaporated.  Shortly  thereafter  the  roll  cloud  had  also 
dissipated  markedly  and  at  1310  tee  rotors  were  not  continuous  in  a  solid 
band  as  before  but  in  separate  patenes.  To  the  vest  vas  a  high  white  vail 
but  the  snowy  Sierra  crest  was  clewrly  vislbl*  with  only  —11  Sc  patches 
here  and  there  b centring  a  continuous  mass  over  the  western  slope  and  above 
the  San  Joaquin  Valley. 

Bear  1400  PST  a  high  wave  cloud  vas  observed  over  the  Sierra  crest,  a 
band  01  blue  bey  end  it,  and,  far  to  the  vest,  another  stationary  band.  Over¬ 
head  the  upper  cloud,  a  thick  altocumulus  lentic’ilaris,  had  reformed  above 
a  growing,  nicely  arched  roll  cloud.  At  1700  PST  a  solid  stratocumulus  deck 
covered  the  Sierra  at  about  15,  >00  ft,  and  at  sundown  a  towering  cloud  deck 
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was  teen  to  the  northwest.  That  night,  however,  the  sky  overhead  remained 
clear  and  the  strong  lee  wave  shoved  no  clgn  of  diminishing. 

Belov  is  a  summary  of  the  Bishop  Weather  Bureau  observations  for  the 

period: 
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Upper  air  soundings.  Although  there  were  no  ^iad  soundings  at  levels 
above  10,000  ft  from  Oakland,  Merced,  or  Santa  Maria  on  this  'late,  by  a  fortu¬ 
nate  circumstance  a  weather  -hip  returning  to  port  nude  a  sounding  off  the 
California  coast,  exactly  upwind  of  the  High  Sierra  region.*  These  radiosonde 
and  ravin  measurements  are  shovn  in  Tig.  1.12.  The  Oakland  sounding  (not  shown) 
has  a  very  stable  layer  between  640  and  440  mb  and  roist  air  to  350  oh.  The 
Santa  Maria  sounding  (not  shovn)  is  similar  to  that  of  the  veather  ship  with 
moist  air  to  800  mb  and,  an  inversion  top  near  740  r.ib  but  with  greater  aoisture 
between  640  and  3^*0  mb;  its  tropopause  is  at  170  mb  with  a  temperature  of 
-7-°C. 


In  Pig.  4.13  are  shown  the  Lodgepole  (LP)  sc  unding  at  HOC  PST,  the 
flight  sour.' lings  made  over  Ovens  Valley,  and  the  two  Bishop  double- theodolite 
wind  soundings.  In  the  Lodgepole  sounding  can  be  .'Ben  the  pronounced  inversion 


#See  Fig.  5.44  in  Chapter  5. 
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and  moisture  distribution  os  eclated  vith  the  flow  over  the  Sierra.  Bo  vied* 
vere  measured  at  Lodgepole  where  light  snow  vu  falling*  The  flight  sound¬ 
ings  indicate  the  high  inversion  and  also  the  greater  lapse  rate  in  the  lee. 

A  rather  reaarkalle  pilot  balloon  flight  from  the  Bishop  Weather 
Bureau  station  at  1200  PST  on  the  lflth  is  illustrated  in  Pig.  4.1b.  Coiron 
(1932)  has  aade  a  detailed  study  of  the  Bishop  double-theodolite  ascents 
during  the  spring  of  1931  and  has  found  l^ortaat  differences  in  the  ascension 
rates  of  the  100  gras  balloon  far  different  sooths  and  for  different  alti¬ 
tudes.  In  order  to  obtain  a  rough  estisete  of  the  vertical  notion  of  the 
air  along  the  path  of  the  balloon*  the  seen  (February  to  May  1931)  ascension 
rate  for  each  level  as  determined  by  Colson  was  subtracted  fros  the  observed 
ascension  rate  at  those  levels,  tact  values  are  indeterminate  because  tur¬ 
bulence  tends  to  increase  the  ascension  rate  of  the  balloon,  however* 
between  the  9th  and  l£th  minutes  the  balloon  encountered  a  broad  region  of 
downdraft  with  vertical  speeds  greater  toan  10  ft  s~*  and  with  a  miss 
sustained  value  of  about  -  30  ft  between  the  11th  and  12th  minutes.  The 
trough  in  the  vertical  plane  was  near  the  17th  minute;  for  the  r— inlng 
three  minutes  the  balloou  was  in  a  region  of  updraft.  Termination  was  due 
to  obscuration  of  the  balloon  by  a  lenticular  cloud.  This  ex— pie  serves 
to  illustrate  the  errors  Inherent  in  single- theodolite  measure— nta  based 
on  an  assumed  ascent  rate;  in  downdrafts  the  cacgar.  ed  horlsontal  wind  speed 
exceeds  the  actual  speed  and  in  updrafts  the  cccputel  horlsontal  speed  is 
less  than  the  true  speed.  It  is  probable  that  lee  wavea  are  responsible  for 
many  sinuous  wind  speed  curves  firm  a  ingle- theodolite  stations  in  mountainous 
terrain. 

Along  with  the  plbal  data*  observations  Aram  the  White  Mountain  Be¬ 
rn  cerch  Laboratory  (WM)  at  10,130  ft  on  the  crest  of  the  mountains  northeast 
of  Bishop  provide  same  interesting  supplementary  information  about  the 
circulation  of  the  roll  cloud  zone.  At  0000  P9T  they  recorded  a  steady 
east  wind  of  23  knots.  It  appears  Aram  photographs  and  the  12*000  ft 
(a.s.l.)  broken  "Sc”  reported  at  WM  that  the  second  wave  roll  cloud  lay  ever 
the  Whlt>;  Mountains  at  that  time.  The  temperature  there  at  that  time  was 
l6°F  (~9°C),  but  the  murimn  temperature  for  the  day — unfortunately  the  time 
was  not  given— was  ]M°P  (+1°C).  These  values  are  plotted  an  the  tephigrms 
in  Pig.  A.  13.  Since  IM  temperatures  are  representative  of  v&gmr  air  tem¬ 
peratures  at  that  level*  and  since  the  overall  synoptic  drvelogBcnt  led  to 
cooling  aloft  during  '•  oe  day*,  it  is  probable  that  the  1CPC  warming  was  caused 
by  the  adiabatic  heating  in  the  lee  ware.  The  imp'1  led  increase  In  wave 
length  end  consequent  approach  of  the  second  trough  to  the  crest  of  the  .hit# 
Mountain  is  confined  by  the  cloud  observations  foam  Bishop  sod  Aram  the  air¬ 
craft;  at  noon  the  first  roll  cloud  line  lay  over  Bishop  and  the  second  in 
the  lee  of  the  White  Mountains,  foe  pilot  balloon  path  in  Fig.  A.lA  crossed 
the  White  Me  attain  crest  about  6£  miles  south  of  Mi. 

A  met  iorogram  Aram  0000  PST  on  13  March  is  repeoduced  in  Fig.  4.15  and 
a  vertical  0  cross  section  of  tr*  rotor  zone  based  on  these  data  and  sup¬ 
plementary  observations  is  shown  j-~  Fig.  b.l£.  The  analyzed  field  is  that 
of  potential  temperature  based  on  data  measured  along  the  flight  path 
(dashed  line)  and  an  the  assumption  of  adiabatic  flow.  The  clouds  hare  been 
carefully  sketched  Aram  several  photographs  aade  during  the  flight  (c.g.* 

Fig.  4.11).  foe  small  cloud  in  the  lee  of  the  Inyo  Mountains  appeared  to 
fern  is.  a  vertic  il  eddy  there.  It  is  interesting  to  note  that  this  was  the 
sane  time  at  vhich  the  strong  east  'rind  at  WM  /as  recorded.  This  phnnnaanm 
does  not  occur  in  the  ice  o'  the  Sierra  where  the  downward  speed  is  great  and 
the  high  deadfall  is  composed  principally  of  falling  snow.  Although  the 
flight  preceded  the  Lod^epole  sounding  by  about  3  hours*  the  latter  data  have 
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been  used  to  guide  the  drawing  of  9  lines  over  the  Sierra  erect.  It  is  quite 
possible  that  the  generally  higher  altitude  at  which  the  9  lines  occur  over 
Lodgepol#  are  Indicative  of  cooling  during  the  3  hour  interval  after  the  oe- 
teorograa  flight.  The  arrovs  near  the  surface  represent  the  x'  cosqpcnent  of 
the  surface  vlnd  at  0000  P8T.  The  Indicated  wave  length  of  the  flow  at  the 
600  ah  level  is  50,000  ft  (l?,7  ha)  frosi  trough  to  trough  and  54,000  ft  (l6.5 
ka)  from  crust  to  crest,  or  an  avtrage  of  about  1?  ka. 


Surface  aeasursoents.  A  very  active  day  of  field  verb  is  vhich  continu¬ 
al  readings  ware  taken  across  the  Valley  between  0000  and  17 00  P8TT  resulted  In 
quite  complete  coverage  of  ground  observations.  The  D  field  Is  shown  In  Wg. 
4.17*  A  rather  flat  field  la  the  early  Burning  gives  way  to  rapid  pressure 
falls  near  noon  after  v.iich  a  "lee  i/ave  field"  la  manifest.  The  latter  reaches 
its  greatest  development  at  about  1>70  PST  and  Is  shown  In  vertical  profile  in 
fig.  4.i8.#  The  rate  of  eastward  drift  of  the  belt  of  lowest  pressure  coincides 
with  the  rate  of  Increase  In  wave  length  of  the  flow  a.,  shown  by  the  changing 
roll  cloud  positions  In  Pig.  4.19.  Comparing  the  wind  field  with  that  of  D,  it 
is  seen  that  the  air  generally  ac. derates  toward  regions  of  low  D  value  and 
decelerates  toward  regions  of  high  D  value.  A  general  convergence  of  surface 
winds  under  the  leading  edge  of  the  roll  cloud  is  evident.  In  the  9  field, 
shown  in  Fig.  4.20,  the  analysis  suggests  the  predcuinence  of  the  diurnal 
change.  With  reference  to  the  vertical  cross  section  of  9  in  Pig.  4.16,  it 
Is  obvious  that  the  observed  occurrence  of  highest  values  of  9  In  the  early 
afternoon  and  the  poresused  cooling  aloft  during  the  day  tend  toward  a  decrease 
of  stability  In  the  lapse  rate  and,  from  the  point  of  view  of  observational 
techniques,  iapose  greater  difficulty  in  detecting  the  structure  of  the  wave 
by  means  of  the  9  field.  It  Is  possible  that  the  diurnal  change  of  lapse 
rate  through  the  Mechanise  of  heating  below  and  cooling  aloft  is  In  part  re¬ 
sponsible  for  the  Increase  in  wave  length  of  the  flow. 


Case  IV.  19  March  1952:  a  strong  lee  wave. 


With  reference  to  the  other  observations  of  this  date  discussed  In 
Chapter  3  (Case  6)  and  to  the  synoptic  charts  shown  in  Pigs.  5 -45  to  5*46 
of  Chapter  5,  the  surface  observations  Bade  on  19  March  are  treated  here.  In 
continuity  with  the  Bishop  Weather  Bureau  observations  for  March  17  and  lfi, 
the  susauury  for  the  19th  and  20th  is  given  below. 

The  bsrograa  and  thermogram  fro*  Mansanar  during  the  period  14-20 
March  1952  are  shown  in  Pig.  4.21  and  illustrate  the  diverse  weather  events  of 
that  weak. 

While  a  aeteorograa  flight  vas  nade  on  the  19th,  there  was  no  observer 
and  the  complications  resulting  from  uncertainties  in  location  of  the  aircraft 
defeated  attempts  at  analysis.  Consequently  only  the  surface  measurements  are 
shown  here.  In  Pig.  4.22  the  extremely  long  wave  length  of  the  vertical  flow 
pattern  Is  Indicated;  the  leading  edge  of  the  roll  cloud  continued  to  more 
eastward  until  it  lay'  over  the  vest  slope  of  the  Inyo  I  fountains  in  the  after¬ 
noon.  The  wind  speeds  at  the  surface  were  rather  big  and  with  large  westerly 
components  over  nost  of  the  Valley  except  the  extreme  east  3ide  where  there  was 


\he  relatively  large  pressure  ascendant  from  vest  to  east  under  the  leading 
edge  of  the  roll  cloud  forms  the  "pressure  Jim"  (discussed  by  Knox.  1952). 

This  observation  is  In  agreement  with  the  results  obtained  by  Pula  11955)  who 
c deputed  the  relative  pressure  field  due  to  lee  waves  and  found  that,  at  the 
ground,  the  loveet  pressure  lay  under  the  trough  sad  the  highest  pressure  lay 
under  the  crest. 
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ar.  abrupt  change  to  southeasterly  or  of  varying  directions  under  the  rotor 
zone.  The  0  field  (Fig.  4.23)  is  nearly  parallel  to  the  wind.  Oke  naarlwi 
values  occur  near  1300  P3T.  The  higher!  values  over  the  eastern  side  of 
the  Valley  occurred  at  the  wind  shift  line  'Oder  the  leading  edge  of  the 
roll  cloud.  In  the  D  field  (Fig.  4.24)  the  noznal  diurnal  changes  ere  less 
pronounced  that  are  the  charges  it  horizontal  gradient.  An  indicated  west 
to  east  pressure  gradient  in  the  earning  occurs  daring  the  aseal  tine  of 
aarlaua  pressure.  It  appears  that  the  principal  lew  D  center  changes 
position  during  the  day;  in  the  late  afternoon  it  is  again  near  Ham  ana  i  The 
low  pressure  center  probably  tilts  eastward  with  height  fine  a  position  at 
the  surface  of  varying  distance  upwind  of  the  leading  edge  of  the  roll  cloud. 
The  field  of  D  is  the  vertical  plane  is  discussed  in  Chapter 


Conclusions. 


Tram,  the  analyses  of  the  data  from  the  four  cases  discussed  in  this 
chapter  and  additional  observations  treated  in  Chapter  3#  the  following 
statements  are  nade  concerning  the  roll  cloud  zone  and  the  surface  synoptic 
fields  associated  with  lee  waves : 

1)  The  roll  cloud  fores  in  t,'i*  crests  of  the  lee  wave  near  or 
somewhat  shove  the  level  of  the  mountain  crest  and  often  extends  upward  for 
several  thousand  feet.  It  is  associated  with  a  teeparature  inversion  and  a 
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Large  vertical  wind  shear.  It  is  generally  turbulent*  in  contrast  to  the 
laminar- like  flov  at  higher  levels. 

2)  In  the  oest  case  with  analyzed  streamlines  in  the  roll  cloud  region 
(l6  February  1952)/  the  mean  altitude  of  the  streaulir.e  of  maximum  amplitude  was 
found  at  approximately  mountain  crest  level  and  below  the  roll  cloud  base.  The 
same  streamline  at  its  point  of  highest  elevation  paused  through  the  center  of 
the  roll  cloud.  The  maximum  vertical  speed  in  the  steady  state  streamline  pat¬ 
tern  va:.  found  at  15,250  ft  altitude,  opposite  the  leading  edge  of  the  roll 
cloud. 


3)  A  reversed  flov  (negative  U)  is  not  usually  found  in  the  roll  cloud; 
It  is  the  positive  vertical  shear,  dU/dx,  through  the  roll  cloud  that  gives  a 
rotor- like  appearance  to  the  relative  movements  of  the  particles  passing 
through  the  stationary  cloud.  Reverse  flov  frequently  occurs  In  the  lewer 
layers  near  the  ground  end  below  the  base  of  the  roll  cloud. 

4)  Large  vertical  vind  speech,  lead  to  unrepresentative  single- theodolite 
pilot  balloon  soundings.  Vertical  sheers  in  double- theodolite  soundings  may 
also  be  exaggerated  or  minimized  because  cf  the  change  in  horizontal  vind 
speed  from  trough  to  crest. 

5)  The  wave  length  of  the  flow  may  change  as  much  as  30  per  cent 
during  a  12  hour  period.  In  strong  Sierra  lee  waves  it  is  possible  that  a 
resonance  effect  of  the  Inyo  ‘iountain  range  augments  the  wove  solitude  when 
the  distance  between  the  Sierra  and  the  Inyo  Mountains  is  a  multiple  of  the 
wave  length. 

6)  Temporal  changes  in  the  surface  fields  of  D,  9,  snd  vind  velocity 
are  often  large  during  the  occurrence  of  strong  lee  waves.  In  the  12  hours 
between  07CO  and  1900  local  time  the  surface  D  change  at  a  station  may  be  of 
the  order  of  300  ft,  0  may  change  by  20^C,  and  the  surface  wind  velocity  nay 
change  by  40  mph  in  speed  and  l80°  in  direction.  In  order  to  study  synoptic 
lee  wave  fields  a  tine  section  should  be  used. 

7)  In  the  3  cases  of  strong  lee  waves  studied,  the  largest  surface 
pressure  gradients  occurred  in  the  afternoon  with  Lov  pressure  under  the  rel¬ 
atively  warm  trough  and  high  pressure  under  the  relatively  cold  crest  (roll 
cloud).  The  large  pressure  ascendant  is  analogous  to  a  stationary  hydraulic 
pressure  Jump. 
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See  Chapter  10  for  a  discussion  of  turbulence  observations  in  the  roll 
cloud  zone. 


5.  SYBCPTIC  71ZZJ36 


lr. troduct ion.  One  of  the  task*  of  the  Mountain  Wave  Project  was  to 
study  the  large-scale  veather  patterns  la  which  lee  waves  were  observed  to 
occur*  In  the  course  of  the  investigation  a  detailed  synoptic  study  was  aade 
of  the  developuest  of  the  particularly  strong  wave  which  fonaed  in  the  lee 
of  the  Sierra  on  18  Decanter  1951*  While  the  ware  occurred  in  a  pre-frontal 
current,  interest  in  the  broader  aspects  concerning  the  nature  of  the  stora 
and  the  Banner  in  which  it  crossed  the  Sierra  invited  pursuit.  Scan  results 
of  that  study  are  presented  here. 

The  1951-2  season  was  one  of  great  stores  and  record  precipitation  in 
California.  On  1  Dec  saber  gale  winds  forced  the  closing  of  the  Golden  Gate 
Bridge  far  the  first  tine  in  its  his  tor}'.  On  15  January  1952  the  st re— 
liner  City  of  San  fVancisco  was  stalled  for  a aany  hours  in  huge  snow  drifts 
near  Donncr  Pans.  The  stars  discussed  here  was  experienced  between  those 
two  dates;  it  crossed  western  Halted  States  In  the  period  17*20  Decenber 
1951.  While  each  stars  is  certainly  unique,  this  one  can  be  regarded  as  a 
"typical"  frontal  storm  of  toe  type  that  approach  the  west  coast  of  the 
United  States  fron  the  northeast  Pacific. 

Data  used  in  the  analysis  included  Veather  Bureau  hourly  (Airways) 
and  6- hourly  surface  observations  and  12- hourly  radiosonde  and  ravin  soundings. 
Additional  upper  air  data  were  obtained  ft ran  Castle  Air  Force  Base  at  Merced; 
the  Baval  Ordnance  Test  Station,  Inyokern;  the  Lodgepole  radiosonde  station 
in  Sequoia  Bational  Park;  and  the  Bishop  Veather  Bureau  station.  Two  sail¬ 
plane  flights  an  the  ldth  (Plights  200 6  and  2007)  end  other  observations 
and  aeasuranants  in  the  lee  of  the  Sierra  provided  valuable  supplementary 
information.  The  analysis  is  presented  herewith  in  the  fbrs  of  surface 
and  laobarlc  charts  and  vertical  sections.  The  period  covered  is  ajpprox- 
isately  W  hours,  fron  the  evening  of  the  17th  to  the  evenly;  of  the  19th. 


18  0030  OCT.  The  sea  level  pressure  field  is  shown  on  the  surface 
veather  chart  for- 1630  PST  on  the  17th  in  Fig.  5.1.  The  isobars  are  drawn 
at  Intervals  of  two  millibars.  Tin  base  asp  of  the  western  section  of  the 
United  States  is  one  on  which  the  relief  is  represented  by  degrees  of 
shading  according  to  whether  the  elevation  exceeds  1,000,  3,000,  5,000,  or 
10,000  feet.  At  the  extresw  northwest  corner  the  stars  which  inspired  this 
study  appears  as  an  occluding  frontal  ware  approaching  Vancouver  and  hhe 
Washington  coast.  Along  the  northern  Rockies  ley  a  stationary  Arctic  oz 
continental  polar  front.  The  Great  Basin  Anticyclone  centered  over  central 
Utah  dominated  the  southern  half  of  the  region  while  a  sar ller  high  pressure 
cell  was  centered  over  the  Sac  Joaquin  Valley. 

Veatherwlse,  big  pressure  falls  and  steady  rain  were  reported  along 
the  Washington  and  northern  Oregon  coasts.  It  was  partly  clou$r  over 
CalJUforiola  and  Bevada  with  altooaulu*  in  the  north  and  clrrostmtus  in  the 
south,  and  clear  over  Arizona.  Altocumulus  lenticular  is  clouds  ware  observed 
fraa  widely  scattered  stations  in  sountalnous  terrain— Bishop,  Blko, 
Pocatello,  Tucson,  and  Albuquerque. 


18  0300  GOT.  The  700  and  50C  oh  upper  air  charts  for  1900  PST  on 
the  17th,  2$  hours  after  the  tine  of  the  preceding  surface  chart,  are  shown 
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in  Figs.  5.2  and  5.3.  Contours  of  the  isobaric  surfaces  are  drawn  at  lCT*  ft 
intervals.  Hind  directions  were  plotter  by  protractor  to  the  nearest  10  de¬ 
grees  as  given  in  the  coded  reports.  Ho  isotherms  were  drawn.  At  both  700 
and  500  mb  a  portion  of  the  Polar  Front  appears  as  a  warn  front  east  of  the 
northern  Rockies  where  the  Isobaric  surface  intersected  the  cold  dome  in  the 
northeast  quadrant  of  the  chart.  Over  the  Sierra  was  an  anticyclonlc  flow 
of  warm  air  with  temperatures  near  0°C  at  700  mb  and  -l4°C  at  500  mb. 


18  1230  GCT.  By  0430  PST  (Fig.  5.4)  the  occluded  front  lay  along  the 
Washington  and  Oregon  coasts  with  steady  rain  extending  Into  northern  Califor¬ 
nia.  The  Great  Basin  Anticyclone  had  diminished  in  size  and  was  centered  over 
the  west  side  of  the  Colorado  Rockies.  Likewise,  the  high  cell  in  California 
was  then  located  along  the  western  flank  of  the  Sierra.  The  pressure  trough 
In  the  lee  of  the  Sierra  vas  well  developed. 


18  1500  GCT.  The  upper  air  flow  at  0700  PST  is  illustrated  by  the  700 
and  500  mb  charts  in  Figs.  5*3  and  $.6.  The  Polar  Front  vas  intersected  in 
both  the  northwest  and  the  northeast  corners  of  the  700  nib  chijrt.  That  por¬ 
tion  associated  vixh  the  surface  occlusion  appears  as  a  cold  front  over  Wash¬ 
ington  and  Oregon.  The  Sierra  lee  trough  is  well  marked  in  the  contours  at 
700  mb  as,  to  a  lesser  extent,  are  troughs  in  the  flow  over  the  Wind  River 
Range  in  Wyoming  and  over  tne  southern  Rockies.  A  discontinuity  in  the  con¬ 
tours  representing  a  rather  large  pressure  gradient  across  the  Sierra  is  in¬ 
dicated  where  the  isobaric  surface  Intersects  the  mountains.* 

At  500  sib  the  Polar  Front  does  not  appear  on  the  chart.  The  lee  trough 
is  less  pronounced  than  at  700  sib  but  the  perturbation  of  the  flow  is  aug¬ 
mented  somewhat  by  an  apparent  trough  over  the  San  Joaquin  Valley.  The 
evidence  of  the  latter  rests  almost  solely  on  the  data  from  Merced  where  it  is 
suggested  not  only  by  the  tesqperature— cooler  by  6°C  than  at  the  same  level 
over  Oakland— and  contour  height,  but  also  by  the  wind  direction.  It  is  es¬ 
pecially  Interesting  to  note  that  at  2100  GCT  (1300  PST)  the  400  mb  wind  at 
Merced  was  260  deg,  83  knots  while  that  at  Bishop  vas  300  deg,  67  knots— a  40 
deg  anticyclonlc  turning  in  a  distance  of  100  miles. 

At  this  point  the  reader  is  referred  to  Fig.  3*14  shoving  the  1500  GCT 
sounding  and  wind  profile  at  Merced  and  to  the  corresponding  discussion  of  the 
other  observations  of  this  date  (Case  3/  ia  Chapter  3*  The  high  inversion 
appearing  in  the  Merced  sounding  and  that  of  Lodgepole  (Fig.  3*13)  was  also 
found  in  the  soundings  at  Oakland,  Santa  Maria,  Medford,  Boise,  Ely,  Inyokern, 
and  Las  Vegas  and  can  be  considered  to  be  that  of  a  quasi -horizontal  warm 
front.  (See  Fig.  1.7  for  locations  of  stations.) 

A  large-scale  cross  section  of  potential  temperature  in  a  vertical 
plane  over  the  Sierra  from  Oakland  to  Las  Vegas  is  shown  in  Fig.  5.8.  Radio¬ 
sonde  data  from  Oakland,  Merced,  and  Las  Vegas  at  1500  GCT  were  used,  together 
with  that  from  Lodgepole  and  Flight  200 6  at  1800  GCT  (see  Fig.  3.11).  Tram 
the  plotted  path  of  the  Merced  balloon  the  approximate  tilt  of  the  radiosonde 
ascent  curves  vas  determined.  Because  of  time  differences  in  the  data  used. 


On  this  and  on  subsequent  700  and  850  mb  charts  contours  are  dashed  where 
they  are  below  the  surface  of  the  terrain. 
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and  the  fact  that  the  section  is  not  exactly  along  the  direction  of  wind  flow, 
caution  should  be  had  in  interpreting  the  isentropic  pattern  as  a  literal  sub¬ 
stitute  for  the  synoptic  streamlines.  The  principal  features,  besides  the 
snail- scale  lee  wave,  are  the  high  level  inversion  or  warn  front  which  can 
be  traced  in  the  soundings  of  the  three  windward  stations;  apparent  cooling 
over  the  San  Joaquin  Valley  in  the  upper  troposphere,  perhaps  indicative  of 
ascending  notion;  and  the  large-scale  warming  of  air  through  a  deep  layer  of 
the  atmosphere  (600  to  150  mb)  over  the  western  slope  of  the  Sierra,  probably 
due  to  descending  motion. 


18  1830  GCT.  The  surface  chart  at  1030  PST  is  shown  in  Fig.  5-9-  The 
front  lay  through  central  Washington  and  Oregon  and  into  northeastern  Califor¬ 
nia  with  a  deep  low  pressure  center  at  the  southern  tip  of  Vancouver  Island. 
Steady  rain  or  snow  full  immediately  ahead  of  the  front  vlai*  showers  were 
reported  behind  it.  In  this  phase  of  its  passage,  temperatures  recorded 
behind  the  front  were  generally  wnmer  than  those  recorded  ahead  of  it.  The 
pressure  gradient  of  the  lee  trough  had  intensified.  A  small  area  of  high 
pressure  appeared  on  the  western  slope  of  the  southern  (High)  Sierra,  the 
Lodgepole  sounding  and  Flight  2006  can  be  considered  to  be  synoptic  with 
this  chart. 


Lee  wave  phenomena.  Figs .  3.9  illustrate  the  cloud  farms  observed 
from  the  air  over  the  Ovens  Valley  between  0900  and  1500  PST.  The  fohn 
"window" — the  large  gap  of  blue  sky  visible  between  the  cap  cloud  and  the 
roll  and  wave  clouds — persisted  all  day.  It  narked  the  downdraft  area  in 
which  temperatures  were  considerably  warmer  than  at  comparable  levels  else¬ 
where.  Maximus  tempera tures  for  the  month  of  Decedber  1951  occurred  at 
Mono  Lake  (53°F)  and  Bishop  (60°F)  on  the  10th. 

Barograms  of  the  period  17-19  December  are  shown  in  Fig.  5.10.  The 
stations  represented  are  Lodgepole  (I?)  00  the  western  slope  of  the  Sierra, 
Eckert’s  Cabin  (EC)  on  the  eastern  slope,  and  Msnaanar  (M)  in  Owens  Valley. 
The  greatest  pressure  falls  occurred  between  1030  and  1330  PST  and  are  likely 
the  combined  effect  of  the  overall  pre-frontal  synoptic  situation,  the 
intensification  of  the  lee  trough,  and  the  diurnal  pressure  wave.  The  largest 
horizontal  pressure  difference  across  the  mountains  between  Lodgepole  and 
the  Independence  Creek  stations  was  9  mb  si  1530  PST.  It  is  probable  that 
a  steeper  gradient  or  discontinuity  existed  near  the  crest. 


Vertical  structure  of  the  storm.  A  time  section  of  vertical  soundings 
at  Oakland  far  the  period  l£>  to  20  JWc«*>er  1951  1*  shown  in  Fig.  5.11.  One 
sees  in  it  the  want  front  inversion  present  an  the  18th  and  its  relation  to 
the  upper  warm  front  which  passed  over  the  region  on  the  l£th.  Above  the 
dome  of  cold  air  centered  over  the  station  at  0700  PST  ca  the  19th,  a  warm 
tropopause  dips  down  to  400  ab  at  -33°C  in  narked  contrast  to  the  higher 
(170  ab),  colder  (-60°C )  tropopause  found  over  the  station  at  1900  PST  on  the 
17th.  Between  these  times  the  temporal  slope  of  the  tropopause  is  indicative, 
if  greatly  exaggerated,  of  the  spatial  slope  of  the  tropopause  on  the  10th, 
forming  a  stratospheric  ware  front  over  the  region. 

Both  isotherms  and  isentropes  are  drawn  at  5°  intervals  on  the 
section.  They  show  the  nature  of  the  baroclinic  frontal  zones  and  the  rate 
and  degree  of  cooling  or  warming  at  the  different  isobar ic  surfaces.  The 


Fig-  5.10  Barograph  troco»  from  Monzanor  (M)  In  tho  Owono  \fcltoy,  CcMort** 
Cofein  (EC)  on  tho  oattorn  Siorro  oiopo,  ond  Lodgo  Mo  (LP)  on  too  wootorn 
Siorro  tlopo  for  Itto  poriod  Oocondror  17-19,1951.  Tho  pronto*  vofctoo  on  too 
loti  rotor  to  EC  and  LPand  ttiooo  on  tho  right  to  M. 
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win  da  are  plotted  according  to  their  appearance  on  a  level  surface  with  north 
at  the  top.  The  strong  westerly  flow  on  the  18th  is  evident  but  equally  note¬ 
worthy  are  the  two  examples  of  even  stronger  northerly  flow  associated  with  the 
western  boundaries  of  the  cold  daces.  Such  asymnetry  of  wind  speed  is  indica¬ 
tive  of  the  diffluent  nature  of  the  upper  trough** 


19  0030  OCT.  The  surface  chart  for  1630  PST  on  the  10th,  near  the  tine 
of  maximum  development  of  the  lee  wave,  Is  shown  in  Fig.  9.12.  By  then  the 
northern  segment  of  the  front  had  moved  eastward  rapidly  into  Idaho  while  the 
segment  in  California  had  moved  eastward  much  more  slowly  while  assuming  a 
north-south  orientation.  The  lee  trough  was  strongly  developed  and  can  be 
clearly  traced  from  extreme  northeastern  California  in  the  lee  of  the  Warner 
Mountains,  along  the  lee  of  the  Sierra  and  the  Tehachapl  Mountains,  in  an  arc 
to  its  southernmost  appendage  in  the  Catalina  eddy  off  the  coast  of  the  Los 
Angeles  Basin.  While  fohn  temperatures  and  low  dew  points  characterized  most 
of  the  leeward  stations,  the  relatively'  snallow  depth  and  cyclonic  notion  of 
the  Catalina  eddy  tended  toward  a  shoreward  convergence  of  cool,  moist,  mari¬ 
time  air  and  thus  to  an  increase  of  stratus.  In  such  a  aitiation  the  stratus 
often  becomes  so  thick  as  to  obscure  the  approaching  altocumulus  in  the  upper 
pre-frontal  current.  Elsewhere,  diverse  weather  was  occurring  at  various  sta¬ 
tions  in  the  region.  Northwest  winds,  pressure  rises,  and  showers  were  ob¬ 
served  at  that  time  behind  the  front  In  northwestern  California.  Steady  rain 
fell  at  Sacramento  and  steady  snow  at  Conner  Pass.  Strong  southwest  winds  and 
blowing  sand  swept  acroos  the  deEert  in  southeastern  California.  Lenticular 
clouds  were  reported  at  Bishop,  Inyohern,  Las  Vegas,  and  Winslow. 

Precipitation  amounts  for  two  24  hour  periods  ending  at  1630  PST  on  the 
10th  and  19th  were  plotted  and  analyzed.  All  available  data  were  used.  Includ¬ 
ing  those  from  stations  reporting  on  the  teletype  circuit  and  the  more  numerous 
cooperative  stations.  Since  observations  at  the  latter  sites  are  made  at  di¬ 
verse  times,  only  those  stations  recording  between  the  hours  of  1500  and  1000 
PST  were  used  in  these  studies.  The  pattern  of  precipitation  for  the  24  hour 
period  ending  approximately  1530  PST  on  the  18th  (the  time  of  the  surface  map 
in  Fig.  5.12)  is  presented  in  Fig.  5.13. 

The  region  of  no  precipitation  on  the  chart  includes  northwestern  and 
southern  Nevada,  southern  California,  the  southern  San  Joaquin  Valley,  and  the 
southern  Sierra  Nevada.  Evidently  no  orographic  precipitation  occurred  cn  the 
western  elope  of  the  Sierra  in  the  southwesterly  current  because  of  the 
effect  of  the  mountain  wave  or,  more  specifically,  because  of  the  downdraft  in 
the  layers  shove  the  altocumulus  deck.  Thus  there  was  no  opportunity  for  the 
vertical  development  of  clouds  orver  the  Sierra  so  long  as  the  mountain  wave 
persisted.  Areas  of  heavy  precipitation  (>1  Inch)  were  the  Trinity  Alps,  the 
Mt.  Lassen  area,  the  Feather  River  country',  and  the  coast  and  vest  slope  of  the 
Coast  Ranges  from  Fort  Bragg  to  Monterey.  It  is  likely  that  these  were 

caused  not  by  orography  alone  but  by  the  ascending  motion  of  the  warm,  moist 
air  at  the  frontal  surface  as  the  front  stalled  and  steepened,  in  those  areas. 


19  0300  OCT.  Upper  air  conditions  at  1900  PST  on  the  10th  are  repre¬ 
sented  by  the  Bjo  and  TOO  nib  charts  in  Figs.  5*14  and  5.15.  The  front*  and  the 


On  all  upper  level  charts  of  this  study  the  frontal  intersections  of  iso- 
baric  surfaces  were  determined  from  frontal  contour  charts  prepared  from 
analyses  of  soundings  of  all  stations  in  the  map  region. 
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lee  trough  are  veil  marked  in  the  vind  and  countour  fields  at  both  levels.  Of 
interest  is  the  JO  knot  wind  at  Sacramanto  at  9*000  ft,  above  the  8$C  ob 
frontal  surface  there;  and  the  relatively  weak  25  knot  vind  at  Merced  at  the 
700  nb  le^el  directly  upwind  of  the  High  Sierra,  Rote  the  trough  forming  in 
the  lee  of  the  Rockies. 


19  0630  OCT.  At  2230  PST  (Pig.  5.17)  the  lee  trough  was  still  pronounced 
in  the  sea  level  pressure  field.  The  front  Maintained  its  north- south  orienta¬ 
tion  through  California  while  its  northern  extension  moved  rapidly  southward 
to  lie  nearly  vest-east  across  northern  Nevada  and  Utah.  The  center  of  lowest 
pressure  was  near  Salt  lake.  Rain  was  then  reported  at  Merced,  Vr  .t  x>,  and 
Santa  Barbara. 


19  1230  OCT.  Six  hours  later,  at  0430  PST  on  the  morning  of  the  19th, 
the  front  had  passed  Salt  lake  City,  Tonopeh,  Reno,  Presno,  and  Santa  Maria 
and  appeared  to  converge  on  the  Sierra  nutcracker-fashion  from  both  vest  and 
east  (Pig.  5.18)*  The  principal  low  pressure  center  was  then  over  south 
central  Nevada.  Snow  vas  falling  at  Nlko  and  Salt  Lake  City  and  steady  rain 
in  the  cyclonic  eddy  over  the  Los  Angeles  Basin.  Strong  southwest  winds 
continued  to  sweep  across  the  desert. 


19  150o  OCT.  The  three-dimensional  structure  of  the  front  at  0700  PST 
on  the  19th  is  shovn  in  Pigs.  5*19*  5*20*  and  5-21.  At  the  850  a to  level  the 
Sierra  and  Rocky  Mountain  lee  troughs  are  pronounced.  The  front  lay  through 
two  low  centers,  one  over  northeastern  Colorado  and  the  other  over  south¬ 
eastern  Nevada.  A  shallow  anticyclone  appears  in  the  north  as  a  result  of 
the  high  density  of  the  arctic  air  mass.  At  700  afc,  50  knot  winds  were  re¬ 
ported  in  the  cold  air  at  Oakland  and  Merced.  At  500  mb  a  single  closed  Lov 
center  appears  over  southern  Idaho  and  the  cold  front  lies  in  an  arc  over 
Salt  Lake  City,  Kly,  Reno,  Medford,  and  Tatooah.  She  strongest  winds  oc¬ 
curred  in  two  bands,  one  in  the  northwesterly  flow  over  Red  Bluff  (100  knots) 
and  the  other  in  the  westerly  current  over  Long  Beach  (95  knots)  and  Tucson 
(85  knots). 


19  1830  OCT.  At  1030  PST  on  the  19th  the  front  at  the  surface  (Pig. 

5 .22)  Had  just  passed  Bishop,  Sandburg,  Los  Angeles,  and  San  Diego.  The 
northern  segment  of  the  front  la  d  moved  Into  the  low  pressure  center  of 
southern  Nevada  and  extreme  eastern  California;  the  lowest  pressures  ware  re¬ 
ported  at  Bishop  and  Las  Vegas.  The  difference  in  temperature  between  the 
cold  air  vest  of  the  front  in  California  and  that  north  of  the  front  in 
Nevada  vas  by  then  rather  large;  the  former  was  relatively  mild  maritime  pexar 
air  from  a  more  southerly  trajectory  over  the  Pacific  while  tbe  latter  vas 
relatively  cold  transitional  polar  air  of  more  northerly  urigin  and  longer 
continental  trajectory.  As  the  cold  front  folded  back  on  itself  about  the 
southern  Sierra,  it  formed  a  small  occlusion  along  that  portion  of  its  length 
and,  for  a  brief  time,  a  seclusion  of  the  "warm"  air  along  the  crest;  l.e., 
for  r.  time  the  High  Sierra  appeared  as  an  island  in  a  sea  of  cold  air.  It  is 
interesting  to  note  that  coxd  air  reached  Owens  Valley  not  from  a  spillover 
from  the  vest  but  from  the  north  and  east.  Specifically,  the  cold  air 
reached  Bishop  from  due  north  through  Montgomery  Pass  in  the  White  Mountains. 

As  evidence  in  support  of  this,  the  times  of  pressure  minima  on  the  barogrsms 
of  the  Owens  Valley  stations,  Lodgepole  (LP),  Inyokem  (HID),  and  Tonopah  (TPS), 
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vere,  in  Ciironolocicnl  order: 
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Thus  the  cold  air,  arriving  in  greater  depth  on  the  eastern  side  of  the  Sierra, 
reached  Onion  Valley  (S3)  at  9,200  feet  earlier  than  the  cold  air  from  the  veBt 
reached  Lodgepole  at  6,760  ft  on  the  vestern  slope. 


20  0030  OCT.  By  1630  PST  on  the  afternoon  of  the  39th  the  aforemen¬ 
tioned  occlusion  is  shown  in  Fig.  5*23  at  what  is  perhaps  the  peak  of  de¬ 
velopment  in  its  rather  short-lived  existence.  A  triple-point  had  formed 
near  Needles  and  the  tri-state  intersection  with  strong  winds  in  the  region. 
The  temperatures  recorded  in  the  descending  air  immediately  behind  the  cold 
front  from  the  north  were  relatively  warn  and  dry  but  the  temporal  transition 
to  cold  temperatures  was  rapid.  At  1030  PST,  Just  after  frontul  passage,  the 
temperature  at  Bishop  wns  46°F  while  at  1630  PST  it  -.ms  3u°F.  Similarly,  at 
Las  Vegas  the  pre- frontal  southwest  current  at  1030  PST  was  56°F,  the  post¬ 
frontal  northwest err /  current  at  1630  PST  4l°F.  Before  frontal  passage  at 
Independence  in  the  central  Owens  Valley  at  about  1120  P9T,  a  maximum  temper¬ 
ature  of  71°F  was  reached  in  a  Tohn  current.  Towering  cumuli  were  observed  at 
Sanv  laria,  Fresno,  Las  Yogas,  Tonopah,  and  Prescott;  cumulonimbi  were  ob¬ 
served  at  Fresno  at  1330  PST.  Precipitation  was  occurring  in  the  "warm"  air 
over  Arizona. 

The  pattern  of  24  hour  precipitation  amounts  for  the  period  ending 
about  1630  PST  on  the  19th  is  shown  in  Fig.  5*24.  The  zero  line  then  follows 
the  east  slope  of  the  southern  California  mountains,  the  Tchachapls,  and  the 
Sierra  Nevada  as  far  north  as  Mono  Lake;  it  encloses  southern  California  and 
southern  Nevada.  It  is  possible  that  seme  rain  or  snow  fell  on  some  of  the 
higher  summits  within  that  region;  at  the  University  of  California  Laboratory 
at  10,150  ft  on  the  crest  of  the  White  Mountains  only  a  trace  was  reported. 
Other  regions  where  no  precipitation  was  recorded  are  extreme  northwestern 
Nevada  and  the  Sacramento  Valley.  The  heaviest,  precipitation  fell  along  the 
vestern  slopes  of  the  Sierra  and  the  southern  California  mountains. 


20  0300  OCT.  The  final  mapB  in  this  study  are  those  of  Figs,  and 

5.26.  At  850  mb  the  triple-point  and  its  low  pressure  center  are  most  clearly 
shown  in  the  contour  and  velocity  fields.  Also  on  that  chart  the  thermal 
properties  of  the  air  masses  are  best  revealed.  The  shallowness  of  the 
southernmost  cold  front  is  evident  from  a  comparison  of  850  and  700  Bib 
temperatures  and  dew  points.  At  85O  mb  the  air  was  cooler  and  the  temperature- 
dew  point  difference  least  in  the  northwest  current  over  southern  California; 
the  lovest  dev  point  in  the  region  was  that  at  Las  Vegas  in  the  subsiding  cold 
air  from  the  Plateau.  At  JQC  mb  very  cold  air  was  reported  north  of  the  front 
over  Nevada  and  Utah,  while  south  of  the  front  the  vest-east  temperature  and 
moisture  differences  had  been  reversed;  warmer  and  extremely  dry,  presumably 
subsiding,  air  was  found  over  California  at  that  level  vhile  cooler,  nearly 
saturated,  presumably  rising,  air  was  found  over  Arizona. 

From  there  the  storm  moved  eastward  across  New  Mexico  to  form  a  rather 
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intense  iov  pressure  cencer  o\  er  the  Oklahoma- Texas  Panhandle  on  the  20th, 
having  brought  general  precipitation  to  all  of  the  states  vest  of  the  Rocky 
Mountains . 


Conclusion 3.  It  is  apparent  that,  while  the  'northwest  type" 
of  cyclonic  storm  is  the  matrix  in  vhich  the  greatest  Sierra  lee  vaves 
occur,  the  lee  wave  phenomena  are  not  the  greatest  of  those  resulting  from 
the  influence  of  the  mountain  barrier  on  the  pattern  of  air  flow.  The  effects 
of  the  Sierra  Nevada  on  surface  winds,  the  distribution  of  precipitation, 
and  on  the  course  and  development  of  the  storm  itself  extend  over  a  much  larger 
region  than  that  of  the  lee  wave.  In  the  pre-frontal  southwesterly  current 
the  damming  effect  of  the  Sierra  Wave  slows  the  eastward  movement  of  cold 
air,  delays  arrival  of  the  storm  to  southern  California,  and  allows  the  cold 
air  to  reach  the  trans-Sierra  region  from  the  north  and  east.  These  effects 
lead  to  a  circulation  pattern  and  air  mass  contrasts  vhich  favor  cyclogenesis 
and  the  development  of  a  relatively'  shallow  but  intense  low  pressure  center 
over  southern  Nevada  with  subsequent  movement  eastward  across  Arizona  and 
New  Mexico.  In  many  cases  during  the  spring  months  it  has  been  observed  that 
this  new  low  is  responsible  for  the  development  of  widespread  tornado  activity 
in  the  southern  Great  Plains.  The  striking  resemblance  of  the  precipitation 
pattern  for  the  6torm  to  that  of  the  average  annual  rainfall  for  California 
suggests  that  the  principal  features  of  that  pattern  are  due  to  the  predom¬ 
inance  of  such  cyclonic  stoics . 


Synoptic  charts  of  other  lee  wave  cases. 


In  the  second  portion  of  this  chapter  are  presented  surface  and  upper 
air  charts  of  the  other  1951-2  lee  wave  examples  discussed  in  Chapters  3  and 
V.  For  all  cases  a  500  mb  chart  and  either  a  surface  or  350  mb  chart  are 
shoim.  The  500  mb  charts  were  chosen  for  presentation  because  they  are  most 
representative  of  mid-tropoepht  .*ic  flow  and  the  position  of  the  frontal  zone 
at  that  level  gives  on  approximation  to  the  location  of  the  polar  front  Jet 
stream  at  higher  levels.  For  two  cases  of  strong  lee  waves  (1 6  February  and 
19  March  1952)  700  and  300  mb  charts  are  also  shown. 

The  time  of  the  upper  air  charts  is  1500  GOT,  so  chosen  to  include 
data  from  Iodgepole,  Bishop,  and  Inyokern  not  available  at  the  later  0300 
GOT  time.  Surface  charts  shown  are  at  1830  GCT,  vhich  time  is  rather  near 
the  actual  flight  time  and  allows  the  charts  to  be  roughly  compared  to  the 
150C  GCT  upper  air  charts.  The  reader  is  invited  to  u  .e  his  imagination 
to  depict  the  inferred  changes  and  developments  in  the  synoptic  fields  during 
the  day. 


27  November  1951.  (Figs.  5-27  and  5*23)  A  cold  front  approached  the 
Northwest  with  cloudy  skies,  light  to  locally  heavy  rain  in  that  region,  and 
gale  winds  along  the  Washington  coast.  In  the  isobar  pattern  the  Plateau 
anticyclone  was  strong  and  a  weak  pressure  gradient  existed  about  the  Sierra. 
At  500  Bib  no  frontal  zone  appeared.  A  diffluent  flow  pattern*  was  above  the 


*The  diffluent  trough  (Bjerknes,  195^)  is  one  with  greater  vind  speeds  in 
the  air  flow  upwind  of  the  trough  and  with  lesser  vind  speeds  in  the  air  flow 
downwind  of  the  trough  where  the  current  often  diverges. 


n 
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Sierra  but  the  vind  speed  evidently  Increased  throughout  the  day. 

28  November  1951#  (Figs.  5*29  and  5 « 30 )  At  the  surface  a  Blight  lee 
trough  existed  between  a  strong  Plateau  anticyclone  and  another  high  pressure 
cell  over  central  California.  Bather  weak,  fast  moving,  frontal  waves  passed 
north  of  the  Sierra  with  rain  confined  to  extreme  northern  California.  At 
the  500  sib  level  the  front  lay'  across  the  Columbia  River  with  southwesterly 
flov  over  the  Sierra. 

29  January  1952.  (Figs.  5«31  and  5*32)  On  the  85O  mb  chart  the 

Plateau  anticyclone  enveloped  the  Sierra.  She  flow  over  the  Sierra  at  5 00 

ab  vrb  relatively  weak.  A  classic  example  of  the  analyst's  problems  in 

utilizing  non-synoptic  and  inconsistent  data  is  afforded  by  the  contour  height 

discrepancies  at  Lodgepole,  Merced,  Inyokern,  Santa  Maria,  and  long  Beach. 

* 

30  January  1952.  (Figs.  5»33  and  5 *3*0  The  85O  ab  contours  show 
slight  troughs  in  the  lee  of  the  Sierra  and  the  Rockies.  The  Plateau  anti¬ 
cyclone  is  strongly  developed  over  Utah  while  a  cold  front  moved  inland  from 
the  northwest  bringing  rain  to  San  Francisco  and  Reno.  Anticyclorlc  flow  pre¬ 
vailed  over  the  Sierra  at  5 00  mb.  Merced  heights  are  low  at  both  lsobarlc 
levels. 


16  February  1952.  (Pigs.  5.35,  5*38,  5«37,  and  5*38)  A  cold  front, 
the  frontal  trough,  and  the  Ice  trough  are  pronounced  features  of  the  850  and 
700  nib  contour  patterns.  Also  of  interest  are  the  troughs  in  the  lee  of  the 
Colorado  Rockies  and  the  l.’ind  River  Range  in  Wyoming.  At  530  sib  the  flow  over 
the  Sierra  was  westerly  with  the  fra.  *1  zone  apparently  over  northern  Cali¬ 
fornia  and  Idaho.  The  jet  stream  at  3CO  ab  'fas  north  of  the  Sierra  at  1500 
OCT,  but  moved  somewhat  soutliward  in  the  westerly  current  during  the  course  of 
the  day.  It  is  to  be  noted  that  in  this  case  of  a  strong  lee  wave  the  Merced 
da'ta  fit  well  the  contour  pattern. 

21  February  1952.  (Figs.  5.39  and  5*4o)  At  the  surface  the  front  had 
paased  the  Sierra  but  a  lee  low  pressure  belt  remained.  The  flow  at  500  mb 
vam  WHW  vith  relatively  cold  temperatures  over  the  Sierra  at  that  level  but 
vibh  no  strong  frontal  zone.  Merced  data  fit  the  pattern;  Inyokern  and 
lodgepole  data  are  from  1300  and  1800  OCT  respectively. 

3  March  1952.  (Figs.  5»**1  and  5.42)  A  cold  front  approached  the  coast 
as  a  trough  developed  in  the  lee  of  the  Sierra.  The  large-scale  flov  pattern 
of  troughs  and  ridges  at  500  ab  was  of  rather  short  wave  length.  Although  the 
flew  was  northwesterly  at  1500  OCT,  the  upper  vind  direction  shifted  rapidly 
to  southwesterly  by  afternoon.  In  this  series  of  fast-moving  upper  troughs, 
le«  waves  occurred  on  the  3rd,  midnight  of  the  k+h»5th,  and  on  the  morning  of 
the  6th. 

18  Marc a  1952.  (Figs.  5.43  and  5.44)  By  I83O  GOT  the  cold  front  lay 
through  northern  California  and  great  lee  troughs  had  formed  east  of  the 
Sierra  and  Rocky  Mountains.  The  Sierra  lee  trough  extended  into  the  Catalina 
eddy.*  At  500  mb  the  low  from  the.  great  March  14-15  storm  was  over  the  Plains. 


*A  shallow  cyclonic  circulation  frequently  observed  off  the  southern 
California  coast  and  named  for  Catalina  Island. 


There  vas  strong  WS V  flov  a,er  the  Sierra  with  very  cold  temperatures  over 
Washington  and  Oregon,  asking  for  a  strong  frontal  zone.  The  westerly  jet 
stream  at  high  levels  was  over  central  California. 

19  March.  1952.  (Figs.  5.45,  5.46,  5.47,  and  5.48)  On  the  surface 
chart  the  cold  front  had.  passed  the  Sierra  region,  but  a  trough  regained  off 
the  coast  and  a  strong  pressure  gradient  continued  to  exist  across  the  Sierra. 
At  700  mb  the  front,  distorted  by  the  lee  trough,  was  passing  the  Sierra  from 
the  north.  Both  Sierra  and  Rocky  Mountain  lee  troughs  were  pronounced.  At 
Inyokern,  leeward  of  the  southern  end  of  the  Sierra,  the  wind  speed  was  100 
knots  at  the  700  ab  level.  Strong  surface  winds  on  the  Mojave  Desert  in  such 
synoptic  situations  appear  to  rest' It  fra*  the  local  jet let  of  air  around  the 
southern  end  of  the  High  Sierra  and  over  the  lower  Tehachapi  Mountains.  At 
300  mb  there  was  strong  zonal  flow  of  long  wave  length.  The  front  lay  acroas 
the  northern  Sierra,  warped  by  the  lee  wave  of  the  southern  Sierra  and  form¬ 
ing  the  fohnwall  and  roll  cloud  Inversion.  The  zonal  flow  waa  of  great 
strength  at  300  ab,  with  a  contour  height  (D  value)  difference  between 
Medford  and  Phoenix  of  over  2,000  ft.  During  the  day  both  the  500  Mb  front 
and  the  jet  stream  passed  over  the  Sierra. 

30  March  2952.  (Figs.  5.49  and  5.50)  A  diffuse  and  shallow  cold 
front  bad  passed  the  Sierra,  but  the  lee  trough  and  Catalina  eddy  remained 
in  the  WNV  flow  aloft.  The  front  at  500  Mb  lay  acroas  northern  California 
and  Nevada. 


0  General  conclusions. 


The  analyzed  charts  presented  in  this  chapter  show  the  large-scale 
synoptic  fields  associated  with  each  lee  wave  occurrence  of  1951-2  treated 
in  Chapters  3  and  4.  Considered  as  a  whole,  the  principal  results  of  these 
studies  are: 

1)  Strong  lee  waves  are  associated  with:  1)  an  upper  trough  along 
the  Pacific  Coast  with  strong  westerly  flow  across  the  Sierra  (large  T  and  D 
gradients  parall  :1  to  the  Coast);  and  ii)  a  cold  front  or  an  occluded  front 
approaching  California  from  the  northwest. 

2)  The  soundings  and  wind  profiles,  which  are  the  connecting  HnkR 
between  the  large-scale  synoptic  fields  and  the  snail- scale  lee  wave  cross 
sections,  are  essentially  pre-frontal  in  character.  The  high  level  Inversion 
that  forms  the  fohnvall  and  the  roll  clouds  may  be  identified  as  a  quasi¬ 
horizontal  warn  front. 

3)  The  wave  length  of  the  upper  flov  pattern  affects  the  intensity 
of  the  lee  wave  and,  in  its  effect  upon  the  speec  of  the  trough,  it  affects 
the  duration  of  the  lee  wave  phenonena.  When  the  flow  is  strong  and  the 
wave  length  rather  long,  the  strongest  lee  waves  occur  and  persist  for  the 
longest  period.  When  the  wave  length  is  comparatively  short,  the  lee  vave 
is  usually  less  intense  and  is  of  a  more  transitory  nature.  In  all  cases, 
with  the  pan sage  of  the  principal  upper  trough,  and  of  the  cold  air  through¬ 
out  the  greater  depth  of  the  troposphere,  there  is  no  longer  a  large  wind 
speed  component  across  the  mount c. in  range  and  the  lee  vave  phenomena  cease 
or  become  weak. 
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*0  The  Polar  Front  jet  stream  (jenerally  crosses  Oregon  or  northern 
California  during  the  development  of  strong  Sierra  Nevada  lee  waves  but  on 
rome  occ;-.sion„,  e.g.,  13  Diciauber  1951  and  19  March  1952,  ?trom  lee  waves 
are  associated  with  c  west -rly  jet  stream  across  the  Sierra.  As  will  be 
discussed  in  Chapter  8,  strong  lee  waves  often  fora  rapidly  during  the  pas¬ 
sage  or  development  of  "jetlets"  in  the  relatively  warm  air  south  of  the 
principal  Polar  Pront  jet  stream. 

■j)  In  sane  cases  there  is  apparently  a  real  upwind  ( damning )  ef¬ 
fect  of  the  Sierra  as  evidenced  oy  relatively  cold  temperatures  and  a 
greater  southerly  component  of  the  vind  in  the  lower  troposphere  over 
Merced  in  comparison  with  observations  from  surrounding  stations.  In 
other  cases  cold  temperatures  and  low  contour  heiglits  at  Merced  appear  to 
be  a  result  of  a  difference  in  radiosonde  equipment  errors  between  those 
of  Castle  Air  Force  Base,  Merced,  and  those  of  surrounding  lieuther  Bureau 
stations. 
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The  synoptic  weather  situation  at  1500  OCT,  1  April  1955.  The  first 
aaj>  of  this  series  (fig.  6.1}  is  that  of  the  surface  pressure  distribution  and 
observed  weather  at  0730  PST  (1530  GOT)  on  the  morning  of  1  April.  Data 
p’otted  are  those  of  the  three-hour  ly  oboervations  giving  sea  le\  el  pressure, 
temperature,  dev  point,  pressure  tendency,  clouds,  and  weather.  A  cold 
front— well  narked,  especially  in  the  wind,  pressure,  and  pressure  tendaicy 
fields* -lay  through  eastern  Washington,  Oregon,  and  northwestern  California. 
The  Qreat  Basin  Antlcyclons  was  centered  in  western  Colorado.  Bloving  sand 
on  tne  Texas  Plains  continued  in  the  wake  of  the  previous  northwest  storm  of 
29  March.  Ahead  of  the  front  were  observed  altocumulus  clouds,  farther  out 
cirrus,  and  at  Bishop  and  Reno,  in  the  lee  of  the  Sierra,  altocumulus  len¬ 
ticular  is.  Clear  skies  were  over  the  Southwest  while  steady  rain  or  showers 
were  observed  behind  the  front.  A  slight  les  trough  between  two  anticyclones 
is  svidsnt  In  ths  pressure  field  about  the  Sierra;  In  the  southern  part  it  is 
possibly  mostly  an  insolation  effect  but  in  the  northern  part  it  is  the  effect 
of  the  mountain  lee  wave  in  the  southwesterly  upper  current. 


Cloud  developments.  In  Figs.  6.2s  and  b  are  shown  two  views  from 
Bishop  at  the  time  of  tEe  0730  PST  surface  aqp.  In  the  north- northwest, 
cirrus  bands,  their  leading  edges  in  the  lee  of  the  Sierra,  trailed  beyond 
the  boriton  along  the  direction  of  the  wind.  Significantly,  these  forme 
were  reported  at  the  same  time  over  Fallon,  Battle  Mountain,  and  Slko, 

Nevada.  The  second  photograph,  looking  west- southwest,  1b  of  the  first-appear¬ 
ing  lenticular  cloud  farms  and  roll  cloud  fragment  p .  The  former  was  above 
and  somewhat  upwind  of  the  latter  but  of  the  same  first  wave  crest  in  the  lee¬ 
ward  flow. 


Isobar lc  charts.  Upper  air  conditions  at  the  time  are  shown  In  the 
ieoberlTcSarte  for  500  end  300  mb  (Figs.  6.3  and  6,4).  At  the  500  eh  level 
the  cold  front  vas  located  on  plotted  soundings  and  frontal  contour  charts. 
Evident  is  the  greater  number  of  observations  compared  with  that  of  the 
1951-2  charts.  Winds  were  plotted  by  a  taeqplate-coeqtass  to  ths  '3-degree 
accuracy  of  the  coded  reports.  From  the  location  of  the  reporting  stations 
with  respect  to  the  Sierra  Nevada  and  the  direction  of  the  upper  flow,  two 
cross  sections  were  suggested,  one  parallel  to  the  Sierra  from  Medford 
through  Tonopah  to  Phoenix,  and  the  other  perpendicular  to  the  range  Aram 
Fresno  through  Bishop  and  Tonopah  to  Lander.  From  Reno  to  Phoenix  the  winds 
at  the  5°0  Mb  level  decrease  from  40  to  15  knots;  the  temperature  difference 
Is  4.6°C.  From  Fresno  to  Lander  the  winds  decrease  from  45  to  25  knots;  the 
temperature  and  height  differences  are  small.  At  700  mb  (not  shown)  ths 
Sierra  lee  trough  was  quit*  evident  in  the  resultant  analysis  of  Oakland, 
Reno,  Fresno,  Tonopah,  and  Las  Vegas  data. 

At  the  300  mb  level  (Fig.  6.4)  the  Jet  stream  ley  between  Portland 
and  Medford.  As  In  the  500  tab  chart  It  ir  seen  that  the  Medford- Phoenix 
cross  section  is  nearly  perpendicular  to  the  upper  flow.  Also,  In  ths 
Fresno- Lander  section,  the  wind  speed  varies  from  50  to  35  knots  and  the 
temperature  and  height  differences  are  null.  Note  the  40  knot  winds  at 


* 


See  Fig.  1.7  for  locations  of  stations  mentioned  in  this  chapter. 
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Fig.  ft.  2s  •  0730  PST,  l  April  l^SS.  NNW  from  Bkshop  Airport.  Cirrus 
t>«ids. 


Fig.  ft.  2b  -  O' V>  PST  1  April  l^SS.  fro*  IVshop  Airport.  Roll 

<  loud  (rsiaicnts  tnd  Irnllcu Isr- fora  sltoruaulus. 
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Beatty  and  Caliente  is  spite  of  rather  nail  Isobar lc  alopa  in  that  region. 
North  and  south  of  there~at  Fresno,  Tonopeh,  and  Ely,  and  Edwards  and 
Las  Vegas,  respectively- -the  vinds  are  all  consistent. 


Vertical  cross  sections.  In  Fig.  6.5  the  potential  temperature  field 
in  the  Medford-fc’hoenlx  cross  section  at  1500  OCT  is  shown.  The  0  field 
is  drawn  at  5°X  intervals  fren  sounding  data.  In  the  her  iron  tal  scale,  the 
distance  from  Medford  to  Phoenix  is  shout  650  alias.  The  terrain  profile 
Is  shown  in  the  vertical  scale  which  ia  exaggerated  by  about  50:1  over  the 
horizontal  scale.  At  the  bottosi  are  plotted  the  surface  observations  free 
stations  along  the  section.  The  front,  tropopeuse,  te^erature  gradients, 
stability  and  barotroplc  and  baroclinlc  regions  can  be  easily  discerned 
and  need  no  further  ccsnent. 

A  contemporary  D  analysis  of  the  same  cross  section  Is  shown  in 
Fig.  6.6.  The  values  of  D  *  Z-Zp  were  drawn  at  100  ft  intervals  free 
sounding  data  and  free  intersection  of  the  analyzed  contours  at  all  standard 
laobarlc  levels  up  to  100  Mb .  Since  the  winds  were  nearly  perpendicular  to 
this  section,  the  spacing  of  the  D  lines  can  he  considered  to  be  inversely 
related  to  the  strength  of  the  total  geostrophic  wind.  The  strongest  winds 
ere  evidently  at  200  Mb  over  Reno. 

Similar  analyses  of  the  0  and  D  fields  in  the  other,  along- the- vind, 
cross  section  at  1500  GOT  are  shown  in  Figs.  6.7  end  6.8  respectively.  The 
terrain  profile  is  seen  to  be  of  high  relief  as  the  section  crosses,  be¬ 
sides  the  Sierra,  several  other  high  Mountain  ranges.  In  the  surface 
observations  along  the  section  can  be  seen  the  observed  wind,  pressure, 
temperature,  and  clouds.  East  of  the  Sierra  at  Bishop  are  falling  pressure 
and  a  few  roll  and  wave  clouds  (Fig.  6.2a);  the  alight  perturbation  In  the 
0  field  over  (Vena  Valley  is  drawn  on  this  information .  The  tropopeuse, 
inversion,  stable  and  less  stable  layers  can  be  seen  in  the  analysis. 

The  D  field  (Fig.  6.8)  confirms  the  assertion  that  the  section  lay 
nearly  along  the  upper  contours  at  that  time.  All  values  were  positive 
except  at  100  Mb  over  Hill  Field  (HU)  end  Lender  (IHD);  over  Lander  there 
was  a  cooler  stratosphere  and,  consequently,  a  c exponent  of  the  geostrophic 
wind  out  fraM  the  section  there.  All  of  the  soundings  appear  to  cross  the 
Standard  Atmosphere  between  300  and  35°  sb  from  warmer  below  to  cooler 
above. 


Note:  Since  radiosonde  data  were  available  from  the  A.E.C.  stations 
and  most  of  the  Weather  Bureau  and  military  stations  surrounding  the  Sierra 
at  2100  GOT,  the  isooaric  charts  and  cross  sections  for  that  time  were  also 
analyzed  and  used  in  the  study.  However,  they  are  not  essential  to  the 
discussion  and  so  have  been  deleted. 


Flight  observations.  By  1400  PST  (2200  GCT)  the  skyscape  from 
Bishop  appeared  as  in  Piss.  6.9a  and  b.  Roll  clouds  and  High  wave  clouds 
were  well  developed  north  of  the  station  and  were  beginning  to  develop 
rapidly  to  the  south.  By  that  time  the  B-29  had  been  flying  across  the 
Sierra  for  4  hours  and  the  9-47  was  gaining  altitude  above  Fresno.  The 
horizontal  paths  of  the  two  aircraft  crossed  the  Sierra  near  Big  Pine.  The 
B-29  flew  et  30,  25,  and  20,000  ft  and  the  B-47  at  30,  35,  and  40,000  ft. 

A  mile  north  of  these  paths  the  sailplane  aade  its  flight  in  the  period 
1420  to  1700  F9T. 
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From  the  sailplane  in  flight  the  clouds  appeared  a3  in  Fig.  6.10. 

Toward  NHW  from  30,500  ft  (Figs.  6.10a  and  b  )  vave^clouds  in  at  least  three 
levels  and  at  least  tvo  bands  could  be  seen,  The  fohnvall  appeared  over 
the  ierra  to  the  west,  a  cirrus  band  in  the  north.  In  a  panorama  from  west 
to  south  at  38,000  ft,  one  could  see  the  altocumulus  deck  over  the  Can  Joaquin 
Valley  becoming  the  cumulus  fohnvall  ever  the  Sierra;  the  break  in  the 
cumulus  over  the  Kings  River  Canyon,  and  the  incipient  development  of  the 
fohnvall  over  the  Sierra  crest  to  the  south.  Noting  that  the  sailplane  is 
apparently  over  the  crest  of  the  Cierra  at  that  altitude  while  still  ascend¬ 
ing,  evidence  is  had  of  the  upwind  tilt  of  the  lee  wave  updraft  zone  with 
altitude.  Finally,  the  view  south  over  the  Owens  Valley  as  seen  from  30,000 
ft  is  shown  in  Fig.  6.11.  The  path  of  the  sailplane  with  respect  to  the 
wave  clouds  was  a  rise  to  40,000  ft  Just  upvir.d  of  them,  a  downwind  run  over 
and  through  the  highest  lenticular,  a  descent  in  the  ensuing  downdraft,  and 
a  return  flight  upwind  over  the  ‘.Jhite  Mountains  (Fig.  6.12a)  and  through 
the  cecond-vmve  roll  cloud  zone  to  Bishop  (Fig.  6.12b).  A  gentle  rocking 
motion  fore  and  aft  was  experienced  by  the  sailplane  at  40,000  ft  while 
headed  into  the  vind,  and  rather  severe  turbulence  was  encountered  in  the 
second  roll  cloud  zone  at  16,000  ft. 


The  roll  cloud  zone.  Data  from  the  B- 29  upvlnd  run  at  20,000  ft  are 
presented  in  Figs.  6.13,  6.14,  and  6.15.  It  was  attempted  to  maintain  con¬ 
stant  pressure  altitude  by  altitude-controlled  auto-pilot  and  constant  power 
setting.  llie  indicated  air  speed  in  the  "undisturbed"  air  at  the  beginning  of 
the  run  vas  195  mph.  As  seen  in  Fig.  6.13  the  indicated  air  speed  varied  by  a 
total  of  approximately  mphj  the  lowest  value  of  145  :jph  was  very  close  to 
the  stalling  speed  of  the  aircraft  and  occurred  in  the  downdraft  area  behind 
the  roll  clouds. 

In  Fig.  6.14  are  shown  the  actual  vind  velocities  measured*  by  the 
3-29.  It  can  be  seen  that  the  wind  velocity  at  the  level  of  the  top  of  the 
roll  cloud  varied  by  50  knots  and  by  45  degrees.  The  wind  was  cyclonic  and 
at  minimum  speed  in  the  troughs  of  the  vertical  flow  pattern,  and  anti- 
cyclonic  and  at  maximum  speed  in  the  cre6t6--imediately  above  the  roll 
clouds —  of  the  vertical  perturbation.  The  approximate  vertical  displacement 
of  a  streamline  (Fig.  6.15)  at  this  level  vas  derived  from  measured  temper¬ 
atures,  upwind  soundings  (Fig.  5.16),  and  the  assus^tlon  of  adiabatic  flow. 

It  is  noteworthy  that  the  first  wave,  with  a  maximum  total  displacement  of 
about  7,000  ft,  is  predominant. 

These  data  show  quite  clearly  that  the  principal  hazards  of  mountain 
waves  to  aircraft  are  the  strong  downdraft  immediately  in  the  lee  coupled 
with  the  dangers  of  turbulence,  of  reaching  stalling  speed,  and  of  icing  in 
the  roil  cloud  or  cap  cloud. 


The  stratospheric  mountain  wave.  In  Fig.  6.16  are  shown  the  1500  and 
2300  GCT  soundings  at  Fresno  and  the  temperatures  measured  by  the  B-47  in  the 
upper  levels  over  Fresno  while  the  aircraft  vas  ascending  to  and  descending 
,.'roa.  40,000  ft.  Between  1648  and  1736  PST  the  B-47  made  a  downwind  run  and 
an  upwind  run  at  4 0,000  ft.  The  temperatures  encountered  enroute  and  the 


*The  technique  of  measurement,  which  is  considered  to  be  quite  accurate, 
is  based  upon  a  new  application  of  the  Doppler  principle  for  radar. 


Fi(t.  A .  •  nso  P>r.  1  April  N5S.  Vrthurst  froa  Ekahop  Airport.  Roll  clouds  sol  Isstie- 

ular  it»r  clouds.  P  H  ssilplanr  ready  for  flight. 


Fig.  A.sb  •  HSO  PST,  1  April  1<>55.  South  froa  Ptshop  Airport,  l«rcloping  roll  clouds. 


Fit.  ft.  10b  -  1550  P5T.  1  ftpnl  1055.  **■  fro«  38.000  ft.  TW  f»h««ll 

With  iIiocwmUi  bccoaiig  cvm1u«  aear  th*  Sitr.**  craat.  uat  *1*9*  •* 
Sierra  ip^tm  at  lower  right. 


Fji.  6.  10c  -  15S2  PST,  1  April  195S.  V  froa  31,000  ft.  Ctrolapiag 
(Minll  with  brook  u  naiUi  cloud*  o*or  U«  (aa  K««r  Caya . 
Altocuaalu*  (right)  aad  bate  ovor  tki  Saa  Joaqaia  "alloy. 


fig.  6-11.  View  southward  over  Oens  Veliev  fron  30  000  ft  on  1  April  1955  Cloud  deem  et 
S  different  levels  are  shorn.  The  roll  clouds  ere  at  about  15,n00  ft  while  the  highest  wave 
cloud  la  near  39,000  ft.  the  right  the  fohnwall  is  developing  over  the  Sierra.  This  photo* 
graph,  taken  by  Hydrogrspher  Tim  Henderson,  is  printed  bv  courtesv  of  the  California  Flectnc 
Power  Coapany. 


F»«.  6.  II.  -  h.3T  PST,  1  April  19S5.  North  froa  31,000  ft.  Cload 
dock*  of  tli<  Mcni  crtat  ovtr  tha  Kilt  Maaataiaa. 


Fig.  6.  12b  17  IS  PST,  1  April  195S.  SSE  froa  Kakop  Airport  Iti* 

laaticalar  Aick  Hid  roll  clooda  of  tho  firat  — ~a  croat. 


Fig.  *  13  *  IPrtfWfwl  hy  t)»#  Air  Farr#  Cambri^ir#  FW###rcK  Com  tar) 
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resulting  computed  displacement  of  m  strwillne  are  shown  in  Fig*  6.17.  As 
startling  as  the  measurements  of  the  B-29  »t  20,000  ft  is  the  15°C  tes^er- 
ature  difference  measured  by  the  B-47  within  the  distance  of  12  miles  at 
1*0,000  ft.  The  close  agreement  of  the  results  from  the  two  runs  suggests 
that  this  perturbation  is  a  stationary  phenomenon  rather  than  a  traveling 
one.  Contrails  observed  in  the  area  of  the  wave  crest  ore  absent  in  the 
trough.  noteworthy  are  the  striking  "mirror  image”  of  the  flow  pattern 
in  the  stratosphere  to  that  of  the  underlying  terrain,  profile,  and  the 
fact  that  only  one  great  descent  and  rise  of  the  air  la  indicated,  all  otlmr 
lee  waves  apparently  dashed  out  at  that  level.  If  this  be  a  lee  wave  at 
1*0,000  ft,  the  wave  length  is  many  times  that  of  the  flow  pattern  at  20,000 
ft. 


Other  charts— from  the  25,000,  30/000,  and  35/000  ft  runs — not  shown 
here,  gave  results  which  were  transitional  between  the  pattern  of  flow  at 
20,000  ft  and  1*0,000  ft.  That  at  25,000  ft  was  similar  to  the  roll  cloud 
raglon  with  the  lee  wave  pattern  of  crests  snd  troughs  evident  but  with  less 
eaplltude  snd  less  change  of  horizontal  wind  velocity  (40  knots,  30  dag. ) 
at  that  level.  At  35/000  ft  the  pattern  was  that  of  lee  waves,  but  since 
the  two  pairs  of  runs  of  the  H-47  ware  more  than  2  hours  apart,  the  dis¬ 
crepancies  between  the  two  acts  of  data- -first  a  cooling  in  time  followed 
by  a  warning  in  time  at  the  sane  level—  and  the  apparently  chaotic  tamper 
ature  pattern  of  the  second  run,  at  first  unsolvable,  ware  at  last  resolved 
into  a  satisfactory  explanation:  During  the  course  of  the  flights  the 
tropopause  "descended"  through  the  35/000  ft  level .  Data  on  successive 
runs  at  the  other  levels  and  the  soundings  (Fig.  6j£  )  verified  this  develop* 
sent;  the  stratosphere  was  varying,  the  troposphere  cooling.  Temperature 
and  height  changes  over  the  region  ware  indeed  big  during  the  course  of 
the  flights,  especially  in  the  period  2100-0300  OCT.  It  was  impossible 
to  integrate  all  of  these  airborne  observations  into  a  synoptic  picture 
using  the  absolute  values  of  these  data.  However,  what  could  be  derived  was 
the  pattern  and  amplitude  of  the  isotherms  snd  lsentropes  at  each  level  and 
these  were  amenable  to  integration  as  guides  in  the  construction  of  the 
trans-Sierra  cross  section  at  02  0300  OCT  (01  1900  POT). 

In  Fig.  6.18  a  composite  picture  of  the  air  flow  over  the  Sierra  is 
shown  by  the  temp  or  ature  pattern  determined  from  the  B-47  runs  at  40,000 
ft,  two  of  the  B-47  runs  at  35/000  ft,  and  the  B-29  run  at  20,000  ft.  It 
appears  that  there  is  a  pronounced  upwind  tilt  with  height  of  the  lee  waves 
as  the  indicated  position  of  troughs  and  crests  at  20,000  ft  are  reversed 
at  35,000  ft. 


The  synoptic  situation  at  0300  GOT.  2  April  1955. 


A  series  of  4  isobarlc  charts,  the  700,  500,  300,  and  200  mb  surfaces 
(Figs.  6.19  to  6.22)  represent  the  upper  air  flow  pattern  at  different  levels 
at  1900  POT  on  1  April  near  the  time  of  maximum  lee  wave  development.  At 
700  ab  (Fig.  6.19)  the  front  is  well-marked  in  the  temperature,  wind, 
pressure  fields.  The  lav  pressure  center  is  over  Bums,  Oregon.  Lee 
troughs  of  the  Sierra  and  the  Rockies  are  pronounced.  Contour  heights  not 
drawn  for  on  this  chart  are  Mercury  (observations  at  0200  OCT),  Rapid  City, 
and  Long  Beach  (both  improbable). 

On  the  500  ab  chart  (Fig.  6.20)  the  coldest  air  and  lowest  pressure 
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are  over  Medford,  the  warmest  air  and  highest  pressure  over  Tucson.  In 
comparison  with  the  previous  12  hourly  chart  the  Reno~Itooen.be  temperature 
difference  is  now  quite  large.  Also,  a  reversal  from  the  previous  time  are 
the  wind  speed  and  temperature  Increase  from  Frtsno  to  Lander.  A  5°C  cool¬ 
ing  in  12  hours  occurred  over  Fresno  while  the  air  over  Lander  warned  0.3°C; 
this  relative  cooling  and  warming  along  that  section  is  reflected  in  the 
con tours  and  consequently  in  the  wind  flow  which  has  become  more  south¬ 
westerly.  Rote  the  relatively  light  wind  at  Fresno  and  the  secondary,  non- 
frontal,  bond  of  wind  speeds  over  50  knots.  Data  not  drawn  for  are  the 
heights  at  Long  Beach,  San  Diego,  Rapid  City,  Tucson,  and  Mercury  (the  last 
obtained  at  0200  GCT). 

At  300  mb  (Fig.  6. 21)  the  weak  wind  at  Fresno  in  contrast  to  the 
much  stronger  winds  to  the  north  and  south  is  striking.  The  polar  front  jet 
stream  had  moved  in  12  hours  from  over  Portland  to  over  Reno.  The  strongest 
observed  wind  speed,  80  knots  at  Beatty,  is  apparently  super-geostrophic . 

A  double  jet  stream  la  most  clearly  evident  at  the  200  mb  level  (Fig. 
6.22).  Contour  heights  on  either  side  of  the  mountains  are  consistent,  but 
again  the  Beatty  wind  of  90  knots  is  super- geos  trophic.  Of  equal  interest 
on  tills  chart  is  the  verification  of  the  stratospheric  temperature  pattern 
measured  by  the  B-47;  the  200  mb  temperature  at  Fresno  is  -W°C  while  that 
at  Tonopah  is  -50°C.  It  is  quite  possible  that  the  mwv-immn  difference  was 
even  greater  along  some  distance  between  the  two  stations  where  the  trough 
and  crest  of  the  tropopause  probably  lay. 

Cross  sections  of  0  and  D  between  Medford  (MFR)  and  Phoenix  (PHX)  for 
this  time  arc  shown  in  Figs.  6.23  and  6.24.  Locations  of  the  front  and  the 
tropopause  on  these  sections  were  derived  from  carefully  constructed  frontal 
and  tropopause  contour  charts.  The  front  and  associated  inversions  and 
baroclir.ic  zones  are  well  defined  in  the  vertical.  Surface  observations 
also  demonstrate  the  contrasting  post-  and  pre-frontal  phenoaiene,  at  Reno 
(RAA),  near  4,000  ft,  the  temperature  is  39°F  while  at  Tonopah  (TPH),  near 
6,000  ft,  the  temperature  is  54°F. 

In  the  D  field  (Fig.  6.24)  the  cooling  in  time  is  reflected  in  the 
southward  movement  of  the  D  -  0  line.  The  height  difference  between  Medford 
and  Phoenix  has  increased  by  400  ft  in  12  hours  as  a  result  of  greater  cool¬ 
ing  in  the  north  than  in  the  south.  The  greatest  dD/dt  was  at  300  mb  over 
Reno  (-740  ft  per  12  hours).  The  maximum  gradient  along  the  section  (dD/dy' ) 
was  then  between  Reno  and  Tonopah,  From  the  2100  GCT  data  referred  to 
earlier  but  not  shown,  it  was  found  that  (dD/dt  L  was  not  linear  for  the  12 
hour  period  between  1500  and  0300  GCT.  For  the  first  6- hour  period  the  max¬ 
imum  rate  in  tlje  cross  section  was  -50  ft  per  hr  over  Medford  at  300  mb  while 
in  the  second  6- hour  period  the  maximal  rate  was  over  -100  ft  per  hr  at  300 
mb  over  Reno, 

For  the  analysis  of  the  0  field  in  the  trans  Sierra  cross  section 
(Fig.  6.25),  the  airborne  data  were  used  as  guides  in  the  section  between 
Fresno  (FAT)  and  Tonopah  (TPH).  As  a  firbt  approximation,  the  isentropes  can 
be  considered  as  representative  of  the  actual  streamlines  of  the  flow  in  this 
plane.  Rote  the  front,  the  displacement  of  the  tropopause,  surface  observa¬ 
tions,  and  the  locations  of  inversions  and  sear- adiabatic  layers.  The  pre¬ 
dominance  of  a  single  updraft  in  the  upper  levels  suggests,  along  with  the 
physics  of  ice  crystal  formation,  the  explanation  for  the  high  cirrus  bands 
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(fig.  6.2a)  often  observed  to  fora  in  the  lee  of  the  Sierra  and  to  trail, 
somet  ines  for  hundreds  of  miles,  downwind.  forming  in  the  Initial  updraft 
at  temperatures  near  -50°C,  they  suffer  no  attrition  from  slight  adiabatic 
harming  and  continue  to  grow  slowly  while  moving  downstream.  Because  of 
their  relatively  alow  grovth  and  subsequent  slow  evaporation  or  fall-out, 
and  the  high  speed  of  the  current  necesssuy  far  the  formation  of  a  high  lee 
wave,  they  can  extend  for  man}’  miles  downstream  while  their  leading  edges 
remain,  like  lover  lenticular  forma,  stationary  for  many  hours  in  the  lee 
of  the  Sierra.  The  lateral  separation  of  these  bands  is  still  unexplained. 

The  contemporary  D  analysis  (Fig.  6*26)  shows  a  belt  of 
values  between  400  and  300  nb  with  lowest  values  over  Fresno  at  each  level 
from  700  to  250  mb.  The  min  1st, ■  la  located  at  230  at>  above  which  the  sound¬ 
ing  becomes  warmer  than  Standard  Atmosphere  in  the  great  downdraft  upwind 
of  the  Sierra.  The  lee  trough  in  the  lover  levels  is  shown  by  discontinu¬ 
ities  of  the  1)  lines  at  the  bout. tains .  Intermediate  50- ft  intervals  are 
indicated  by  dashed  lines.  The  warm  stratosphere  over  the  Great  Valley 
mekes  the  flow  there  more  nearly  : -ester  ly  and,  consequently,  with  a  cosqnaaet 
out  from  the  plane  of  the  cross  suction.  The  — (dD/&t)_  for  the  pre¬ 
ceding  12  hour  period  was  -oOO  ft  per  12  hrs  at  250  mb  over  Ireano,  hut 
again  the  rate  was  not  linear,  from  1500  to  2100  OCT  the  (dr/dtL 

was  at  300  nb  over  Tonopah,  while  from  2100  to  0300  OCT  the  changt 

i<ras  -1*90  ft  at  300  ah  over  Fresno. 


Post- wave.  The  synoptic  situation  at  0730  PST  (1530  OCT)  on  the 
morning  of  2  April  is  shown  in  Fig.  6.27.  The  front  lay  through  low  centers 
in  northern  Utah  and  norther  Arizona.  Vara,  cold,  ard  modified  maritime 
polar  air  masses  lay  adjacent  to  each  other  at  various  portions  of  the 
frontal  boundary.  Surface  trials  were  strongest  about  the  front.  Precipita¬ 
tion  in  the  form  of  snow  fell  shout  the  northern  sector  of  the  front  while 
blowing  sand  was  experienced  along  its  southern  extension .  Stratus  clouds 
were  observed  at  many  stations  behind  the  front  while  altocumulus  forms 
were  reported  at  several  stations  ahead  of  it.  vfcva  clouds  were  observed 
at  Prescott,  Roswell,  and  Alamosa  and  cirrus  bands  at  Grant  junction  and 
Casper.  Pressure  rises  were  general  behind  the  front  and  risec  ehrmwi 
The  Catalina  eddy  persisted  due  to  the  strong  northwest  flow  aloft  over 
the  vest-east  oriented  southern  California  mountains.  On  the  previous 
evening  destructive  winds  of  over  30  knots,  with  gusts  to  do  knots,  had 
swept  across  the  San  Joaquin  Valley  and  caused  a  severe  dust  storm  at 
Bakersfield  between  1830  and  2000  POT.  Gale  vlnds  hit  the  San  Itaraando 
Valley  and  55  knot  winds  with  blowing  sand  closed  roads  over  the  desert. 

Upper  air  observations  for  this  period  are  shown  In  the  630,  700, 
bOO,  end  200  ah  charts  In  Figs.  6.27  to  6.31.  At  630  mb  there  is  a 
double  cold  front  structure  over  southern  California,  the  polar  air  from 
the  Pacific  being  warmer  and  aolster  than  that  from  due  north.  In  both  the 
cold  and  warm  air  masses  the  temperature  field  Is  nearly  uniform.  A  lee- 
low  near  Sheridan  Influences  the  Lander  wind.  The  shallowness  of  the 
Catalina  eddy  is  evident  from  its  apparent  non-existence  at  this  level. 

At  700  mb  (Fig.  6.29)  the  front  la  well  marked  in  teaqm  1  store, 
contours,  and  wind  velocities.  There  ia  sene  evidence  of  a  second 
transition  none— perhaps  the  top  of  the  shallow  secondary  front— and 
this  has  been  shown  by  a  dashed  line.  The  strongest  rinds  at  this  level  were 
those  ahead  of  the  front.  A  trough  in  the  lee  of  the  Rockies  was  veil  formed. 


Fif.  6.34  •  1200  PST.  2  April  1955.  Nwttaiit  frta  BitUp  Aitpart 
Set Ci oa ary  nn  datd  it  wrOmtt  »u4. 
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noteworthy  is  the  usefulness  of  interpolated  data  fro*  the  White  Mountain 
stations  near  Bishop. 

Winds  in  excess  of  100  knots  vert  measured  at  Oakland,  Fresno,  and 
Edwards  Air  Force  Base  in  northwesterly  flow  at  the  400  oh  level  (Fig. 

6.30).  The  diffluent  nature  of  the  trough  is  best  seen  at  this  level.  Ul¬ 
timately,  this  is  a  result  of  the  asymmetry  of  the  cold  do*e;  the  imrm 
front  at  its  western  boundary  has  a  greater  t  irature  gradient  than  that  of 
the  cold  front  at  lta  eastern  boundary.  The  low  center  tilts  westward  with 
height. 


Strong  winds  occurred  also  at  the  200  mb  level  (Fig.  6.31)  where 
150  knot  speeds  were  reported  over  Oakland  and  San  Diego.  The  warmest  tem¬ 
perature  at  this  level  (-b5.6°C)  was  over  Tonopah;  the  coldest  temperatures 
(<-6o°C )  were  over  Rapid  City,  Denver,  Bismarck,  lander,  and  Santa  Maria. 

The  Fresno- Lander  cross  sections  of  0  and  D  are  shown  in  Figs.  6.32 
and  6.33.  In  the  9  field  the  tropopause  is  seen  to  be  lowest  over  Toaopah 
and  Ely.  The  verm  and  cold  fronts  are  indicated  but  it  la  obvious  that  all 
the  baroclinlty  la  not  concentrated  In  the  frontal  zones.  ote  that  the 
horizontal  gradient  Is  greatest  in  the  warm  air  to  the  vest  of  the  cold 
dome  and  that  the  air  is  most  stable  in  the  vara  air  to  the  west.  Surface 
observations  of  winds,  clouds,  precipitation,  and  pressure  tendency  are  of 
interest  for  comparison  and  correlation  with  the  upper  air  structure. 

In  the  D  field  one  sees  c,  pattern  in  marked  contrast  to  that  of  the  last 
12-hour ly  section.  The  minima:  D  value  is  at  300  sb  in  the  cold  air  between 
Tonopah  and  Ely.  The  asyesaetry  of  the  cold  dome  and  the  diffluent  struc¬ 
ture — particularly  at  $00  and  kOO  ab— are  evident.  The  maximum  12  hourly 
(dD/dt  )p  was  -970  ft  at  30u  mb  over  Ely. 

As  a  final  observational  note  to  this  study,  a  stationary  wave 
cloud  observed  in  the  Jet-like  northwest  flow  onrsr  Bishop  at  1200  F6T 
(2000  OCT)  on  2  April  la  shown  in  Fig.  6.3k.  It  appeared  that  the  cloud 
formed  In  a  lee  wave  induced  by  the  Sierra  in  the  Mono  Lake  area  north  of 
Bishop. 


Other  observations  of  the  1955  field  season. 


Airborne  data  fro*  10  and  13  April  verw  limited  by  the  failure  of  the 
wind  measuring  equipment  and  the  fact  that  upwind  soundings  were  nearly 
adiabatic  through  great  depths  making  difficult  the  analysis  of  wave  length 
and  amplitude  from  small  temperature  differences.  The  only  resulting  flight 
sections  from  these  dates  are  shewn  and  discussed  below.  Is  addition,  the 
upwind  soundings  and  cloud  phenomena  for  3  other  dates  of  strong  wave  occur¬ 
rence  are  illustrated.  There  data  were  chosen  to  represent  specific  types  of 
strong  lee  waves  which  are  further  discussed  in  later  chapters.  The  limited 
observations  from  these  5  days  are  treated  briefly  below  in  chronological 
order.  Bo  synoptic  charts  for  these  dates  are  shown. 

29  March  1955.  An  aerial  photograph  illustrating  the  rather 
phenomena  0.  this  date  is  reproduced  in  Fig.  6.35.  Both  project  sailplanes 
attained  kO, 000  ft  altitude  in  the  updraft  zone  which  lay  exceptionally 
far  east  of  the  Sierra  crest.  The  wave  length  was  approximately  20  miles 
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(32  kn).*  The  1500  OCT  sounding  and  U- profile  at  ftes.10  are  shown  in  Flf. 
6.36.  /m  Inversion  appear-  n^ar  aountain  crest  level  but  the  dev  point- 
are  lov  which  probably  accounts  for  the  absence  of  lower  wave  or  roll 
clouds.  A  Mudsaai  wind  speed  of  107  knots  occurs  just  below  a  sharply 
narked  tropopause. 

April  1955.  On  this  date  a  cold  front  had  passed  Bishop  and  the 
winds  over  the  noun  tain  crest  were  northwesterly  while  those  at  higher  levels 
were  fron  the  west- southwest.  Both  sailplanes  soared  in  the  strong  wave 
with  the  Pratt-Read  reaching  31  <000  ft  and  the  2-25  reaching  40,000  ft.  The 
B-47  flew  over  the  Sierra  at  the  25 <000  and  30,000  ft  levels;  date  fron 
the  25,000  ft  runs  era  shown  in  Pig.  6. 37.  lo  lee  waves  are  observed  but  a 
tingle  crest  Is  found  over  the  center  of  the  Owens  Valley.  Bo  roll  or  wave 
clouds  were  visible  st  the  tine  of  the  flight.  The  temperatures  indicate 
a  general  descent  over  the  western  Sierra  slope  but  with  the  lowest  temper¬ 
ature  above  the  Inyo  Mountains  just  downwind  of  the  single  hinp  over  the 
Valley.  The  maximum  altitude  variation  of  a  streamline  la  about  3,000  ft. 
Bata  fron  both  runs  surest  lee  waves  upwind  of  Fresno,  perhaps  Induced  by 
the  Coast  Ranges. 

13  April  1955.  Updrafts  in  a  developing  no derate  lee  wave  were 
explored  by  the  Pratt-Read  sailplane  to  36,  XjO  ft,  while  the  B-29  traversed 
the  Sierra  and  Owens  Valley  at  25,000  ft  and  the  B-47  flew  across  at  30, 

35,  and  40,000  ft.  Teuperature  aaasurenents  from  the  40,000  ft,  east  to 
west,  run  of  the  B-47  are  shovn  in  Pig.  6.38.  This  lee  wave  occurred  in  the 
"wan"  air  south  of  a  frontal  zone  and  the  tropopause  was  above  40,000  ft. 

In  contrast  to  the  40,000  ft  stratospheric  pattern  found  on  1  April  (Pig. 
6.17),  true  lee  waves  appear  in  the  displacement  curve.  These  waves  in 

the  upper  troposphere  are  of  relatively  small  amplitude  and  of  insufficient 
vertical  speed  to  support  a  sailplane.  The  flow  upwind  of  the  Sierra  ap¬ 
pears  disturbed  but  without  the  general  descent  over  the  vest  slope  as 
observed  on  1  or  10  April. 

14  April  1955.  This  case  represents  the  more  nearly  ’’normal"  type 
of  strong  wave  as  illustrated  by  the  cloud  phtnesmna  in  Pig.  6.39.  Sr. 
Kuettner  reached  an  altitude  of  43,000  ft  in  the  2-25  sailplane  while  Miss 
Betsy  Woodward  soared  to  40,000  ft  in  the  ?-R  sailplane.  In  Pig.  6.40  are 
shown  a  composite  2100  OCT  sounding  from  Oak-land  and  Santa  Maria  together 
with  the  U-profile  from  the  2100  OCT  Merced  ravin.  The  lee  wave  developed 
to  greater  intensity  as  the  vlnd  speed  Increased  from  that  of  the  previous 
day. 


2L*S*J±.V22-  cloud  phenomena  of  this  date  (Pig.  6.4l)  il¬ 
lustrate  a  rather  uncommon  and  dangerous  type  of  strong  lee  wave.  The  lead¬ 
ing  edge  of  the  roll  cloud  deck,  instead  of  following  the  jcg  of  the  Sierra 
crest  near  Bishop^  continued  in  on  unbroken  line  northward  over  Bishop. 

To  the  vest  the  fohovall  towered  to  20,000  ft  and  swept  far  down  the 
eastern  Sierra  slope.  The  aassive  roll  cloud  extended  eastward  over  the 
White  and  Inyo  Mountains  with  an  indistinct  trailing  edge  and  with  no 
visible  gap  in  the  clouds  in  that  direction.  For  this  reason  it  was  necessary 
for  the  two  sailplanes,  which  had  both  reached  40,000  ft,  to  descend  in  the 
l*p  of  clear  sky  between  the  fohnwall  and  the  roll  cloud.  Bear  14,000  ft 
they  encountered  extremely  severe  turbulence  in  which  the  P-B  broke  apart. 

The  pilot,  Tarry  Ed  1 r,  was  saved  by  his  parachute.  Accounts  of  these 
flights  and  &  di3cu~sion  of  the  tirbulence  are  given  in  Chapter  10.  9m 
1500  GOT  Merced  sounding  and  vind  profile  are  shown  in  Pig.  6.42.  An 


*The  most  oi.tst-.nd.ng  aturc  of  thit  lee  wave  was  the  complete  lack  of  a 
rotor  zone  and  its  ai.-oc.ac-C  turbulence.  The  smooth  lee  wave  existed  as  lov 
as  4,000  ft  over  the  ground  and  increased  in  ’.n tensity  to  30,000  ft. 


Fif.  A.  41  •  0*>45  PST.  25  April  1955.  SmU  froo  hiiup  Airport.  Flkmll  md  hwi  of  dm— 
rotor  cloud. 
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inversion  appears  at  too  no  with  moist  air  to  400  mb.  Later  in  the  day  the 
high-level  inversion  became  greater  and  wind  speeds  o:’  over  130  knot*  were 
measured  in  the  tipper  troposphere  at  Oakland  and  Hero  d. 


Results. 


The  .iountain  i;  we- Jet  stream  Project  of  1955  pro-.  ides  the  most  com¬ 
plete  upper  air  synoptic  data  for  the  study  of  the  air  ilov  over  the  Sierra 
Nevada,  and  the  first  flight  measurement s  of  the  mountain  wave  at  constant 
levels  including  the  flow  both  upwind  and  downwind  of  the  range.  Rather 
complete  results  for  one  selected  case  study  and  limited  results  from  5 
other  specific  cases  are  cited  in  this  chapter.  Observations  from  these 
dates  provide  exanspj  s  for  the  topics  of  the  remaining  6  chapters  of  this 
report. 
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. .  classification  OF  flow  types 


Introduction. 


This  chapter  describes  the  principal  types  3f  vaves  observed  in  the 
lee  of  the  High  Sierra  and  discusses  soae  of  the  oore  important  variations  of 
these.  A  more  objective  approach  based  on  the  upvind  soundings  and  wind 
profiles  is  presented  in  Chapter  12,  where  it  follows  the  relevant  theory'. 
Soae  examples  are  given  there  comparing  observed  wave  lengths  vith  these 
computed  from  upvind  flov  characteristics. 


Lee  vave  types. 

From  a  descriptive  point  of  view,  the  _ee  vaves  observed  over  the 
Ovens  Valley  nay  be  divided  into  3  types  based  on  their  vave  length  and  the 
intensity  of  their  vertical  vlnd  speeds.  There  is,  in  fact,  a  whole  spectrum 
of  vave  forms  observed  but,  in  the  interest  of  simplicity.  Table  7.1  provides 
a  convenient  grouping.  The  "alues  given  are  for  order  of  magnitude  only  and 
very  considerably  from  one  case  to  another.  Further  characteristics  and  ex¬ 
amples  of  each  of  the  3  types,  and  subdivision  of  the  .-trong  vave  type  to 
include  certain  rather  rare  but  extremely  interest _ng  cases,  follov  below. 


Table  7*1 


Wave  type 

L 

max 

V 

Strong 

3  -  20 

miles  (13 

-  32 

km) 

4,000  -  3,000  ft 

±30  to 

±oC  ft  s' 

Moderate 

5  -  8 

(  5 

-  13 

•  ) 

2,00C  -  4,000  ' 

±15  to 

±30  • 

Weak 

2.5-  5 

'  (  - 

-  3 

’’  ) 

50C  -  2,000  " 

±  5  to 

±15  ”  " 

Note: 

L  *  vave  length. 

Zlmax  * 

maximum  altitude  variation  of 

a  stream- 

line,  and  v  *  vertical  wind  speed. 

Strong  vaves.  The  near- legendary  reputation  of  ^ue  Sierra  Vave  derives 
from  the  spectacular  phenomena  associated  vith  the  lee  vaves  of  strong  inten¬ 
sity.  All  of  the  dozen  or  so  sailplane  flights  to  altitudes  over  40,000  ft* 
have  been  made  in  waves  of  th-s  type.  From  these  flights  ve  c*n  conclude  that 
there  are  vertical  updrafts  of  several  meters  per  second  at  these  altitudes; 
whether  vertical  speeds  of  this  order  can  be  found  at  altitudes  up  to  50,000 
or  even  60,000  ft  is  not  known  at  present. 


*The  maximum  altitude  attainable  by  a  sailplane  is  that  at  which  the  ver¬ 
tical  speed  of  the  air  is  equal  and  opposite  to  the  sinking  speed  of  the  sail¬ 
plane.  The  latter  is  a  function  of  the  sailplane  design,  the  air-density,  and 
the  forward  speed  of  the  sa  iplane  which  in  turn  is  made  equal  and  opposite  to 
the  horizontal  wind  speed  in  hover -ng  flight.  Ln  several  of  the  flights  over 
40,000  ft,  higher  altitude  could  nave  been  achieved  but  vas  not  attested  be¬ 
cause  it  approached  the  critical  limit  of  non-pressuriaed  sailplanes  or  be¬ 
cause  of  the  adverse  ef  .'ects  on  both  sailplane  aftd  crew  of  prolonged  exposure 
to  extreme  cold.  The  ..pdr^fts  required  to  veep  the  ?ratt-Read  sailplane  above 
40,000  ft  exceed  7  ft/sec. 
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The  diverse  feat 'ires  of  strong  lee  waves  can  be  seen  in  the  illustra¬ 
tions  to  the  several  examples  treated  in  this  report*  These  cases  and  the 
corresponding  figures  are  lifted  here: 

Date 


18  December  1951 
16  February  1952 

18  March  1952 

19  March  1952 
29  March  1955 

1  April  1955 
10  April  1955 
14  April  1955 
25  April  1955 

Of  these  and  all  the  other  strong  waves  observed  during  the  past  five 
years  of  intermittent  project  observations,  there  are  three  interesting  sub- 
types  one  of  which  is  mo.it  common  and  two  of  which  arc  comparatively  rare,  but 
are  each  illustrated  by  one  example  in  the  above  .list* 

1)  The  normal  case*  In  these  the  wave  length  varies  from  13  to  20  loa 
ao  that  the  first  wave  crest  lies  over  the  Owens  Valley  and  the  second  over 
or  just  in  the  lee  of  the  Inyo  : fountains.  Typical  examples  of  the  cloud 
phenomena  are  seen  in  Figs.  3*26,  6.11,  and  6.39*  These  phenomena  usually 
include  at  the  mature  stage  of  development  the  cap-cloud  (fobnwmll),  high 
lenticular  cloud  decks,  and  rotor  (roll}  clouds  vhich  last  may  at  times  appear 
rather  small  as  in  F1g>  6.39. 

2)  The  rotor  less  wave  of  long  wave  length*  This  type  of  leeward  flow 
pattern  is  illustrated  in  Fie.  6.35*  On  that  date,  29  March  1955,  two  sail¬ 
planes  found  a  smooth  updraft  zone  over  che  w*3t  slope  of  the  Inyo  Mountains 
and  soared  to  40,000  ft  before  ..eking  a  forced  descent.  The  first  wavs  crest 
was  marked  by  high  arch  c.ouds  and  cirrus  bands,  but  no  trace  of  a  rotor  cloud 
was  seen  nor  was  there  any  turbulence  encountered  to  suggest  the  presence  of 

a  rotor  zone.  In  the  illustration  cited,  the  smol.e  from  a  brush  fire  in  the 
center  of  the  Owens  Valley  nicely  traces  a  streamline  over  the  crest  of  the 
Inyo  Mountains.  The  photograph  also  shows  the  eastward  drift  of  the  fine 
dust  from  Owens  dry  Lake.  (On  "normal'  wave  days  the  dust  is  often  carried 
northward  by  souther iy  sio’fate  winds  along  the  eastern  side  of  the  Valley. ) 

The  indicated  wave  length  w.s  of  the  order  of  30  to  32  km  (20  miles}- -roughly* 
the  same  as  the  distance  between  the  crests  of  the  Sierra  and  the  Inyo 
Mountains.  These  observations  of  29  March  1955  being  the  first  and  only 
record  of  the  occurrence  of  . ucli  a  lee  wave,  it  remains  for  future  observa¬ 
tions  to  determine  the  de^ee  of  rareness  of  this  phenomenon.  Certainly  it 
lies  at  the  extreme  end  of  she  spectr  -a  of  observed  /ave  lengths;  the  next  in 
order  is  that  of  19  March  19^2  -itn  an  indicated  -*ave  length  of  about  2$  km. 


Figures  (inclusive) 

3*9  *  3.14,  5.1  -  5.16 
3.26  -  3.30,  5.35  -  5.38 
4.11  -  4.20,  5.43  -  5.44,  9.2 
3.36  -  3.40,  5.45  -  5.48 
6.35  -  6.36 
6.1  •  6.26 

6.39  -  6.40 
6,4.  -  t  42 
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3)  The  dense  r^-o±-  Ci..d  ’.-it. .out  visible  dev.,  dr  aft.  In  certain  .use. 
with  extremely  strong  wind  s nears  and  high  moisture  content  in  the  lower  tropo¬ 
sphere,  a  massive  roll  cloud  ferns  with  its  leading  edge  extending  in  a  nearly 

straight  line  over  the  Over..;  Valley  (in  contrast  to  the  usual  nanner  in  which 

the  cloud  line  curves  with  the  r,iountain  crest)  and  vith  no  apparent  trailing 
edge,  the  cloud  extending  eastward  over  the  V/hite  and  Ir.yo  Mountains.  As 
pointed  out  by  Dr.  Kuettner,  this  form  resembles  a  nonperiodic  pressure  jump 
and  is  the  subtype  associated  with  the  most  severe  turbulence  in  the  rotor 
zone  (see  Chapter  10).  The  scale  of  this  turbulence--of  which,  understand¬ 
ably,  no  quantitative  measurements  have  been  made--may  be  ouch  as  to  produce 
sufficient  mixing  to  significantly  alter  the  existing  stability  stratifica¬ 
tion  and  thus  to  prevent  the  formation  of  a  visible  train  of  lee  waves.  In 

the  few  cases  reported,  the  rotor  cloud  was  several  t.iousand  feet  thick  in 

the  vertical  and  its  top  appeared  to  be  several  thousand  feet  higher  than  the 
top  of  the  fohnv&ll.  An  example  of  this  type  is  the  wave  observed  on  25 
April  1955  In  the  above  list. 


]toderate  waves.  Of  this  aecor.d  type  there  are  the  following  examples 


in  this  report: 

Date 

Figures  (inclusive) 

27  Movent er  1951 

3.1  -  3.4,  5.27  -  5.28 

28  November  1951 

3.5  -  3.3,  3.29  -  s.30 

30  January  1952 

0  •  w  “  3*25,  ”  1.34 

3  March  1952 

**.5  -  4.9,  5.41  -  5.42 

30  March  1952 

3.41  -  3.44,  5.49  -  5.50 

13  April  1955 

(3.33 

In  these  waves  the  highest  altitude  attained  by  sailplanes  was  about 
30,000  ft;  in  the  average  it  was  nearer  25,000  ft.  These  cases  are  often 
"dry  waves  in  which  there  cay  appear  only  a  few  cloud  fragments.  In  most 
cases  the  wave  is  indicated  either  by  roll  cloud  lines  or  a  high  lenticular 
arch  cloud;  the  latter  is  almost  always  a  single  cloud  sheet  in  which  there 
is  no  indication  of  the  shrter  wave  length  encountered  in  the  lower  layers  by 
sailplanes  or  marked  by  roll  cloud  lines.  In  some  cases,  when  the  flow  is 
from  the  southwest  and  the  front  is  quite  near,  the  air  is  very  moist  and  a 
moderate  vave  persists  though  tnere  appears  to  be  a  complete  overcast  from 
the  ground;  this  is  known  as  an  obscured  vave.  '  In  such  a  vave  on  29  March 
1954  the  sailplane  reached  25,uOO  fx  in  a  narrow  ’grand  canyon"  between  a 
dense  roll  cloud  and  a  towering  f oh-. wall.  As  the  canyon,  or  fohn-gap,  filled 
rapidly  vith  cloud,  the  flight  ’was  terminated  in  time  to  allow  a  descent 
through  the  last  remaining  hole  in  the  undercast. 


Weak  waves.  This  t.  se  occurs  much  more  frequently  than  the  number  of 
examples  would  indicate.  It  is  riuply  less  productive  of  sufficiently  strong 
updrafts  to  allow  a  sailplane  to  esqclore  in  a  single  flight  a  worthwhile  cross 
section  of  the  flow  pattern,  stuxiaum  altitudes  attainable  in  these  waves 
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seldom  exceed  18,000  ft.  jusc,  t4,e  two-dimens-onai  picture  is  ofter.  blurred 
by  the  effects  of  position  and  orientation  of  individual  ridges  of  the  moun¬ 
tain  range.  There  are  usually  no  roll  clouds  with  these,  but  there  are  often 
scattered  lenticular  forms  or  a  high  arch  cloud,  with  their  lea  ling  edges 
Just  in  the  lee  of  the  Sierra  crest.  The  two  example.,  treated  in  this  report 
are: 

Date  Figures  (inclusive) 

29  January  1952  3*15  -  3.19,  5.31  -  5.32 

21  February  1952  3*31  -  3.35,  5.39  -  5.40 


Time  changes  and  the  effect  of  terrain.  A  gradual  increase  in  wave 
length  occurs  when  the  speed  of  the  air  flow  over  the  Sierra  increases. 
Usually,  once  a  wave  has  formed  and  is  visible  in  the  clouds,  the  observed 
wave  length  does  not  change  by  more  than  30^  In  on®  12-hour  period.  If  the 
flow  remains  westerly,  the  chtu.ge  from  one  day  *o  the  next  may  be  of  the 
order  of  50^.  One  of  the  most  remarKable  serie.  of  this  hind  waa  observed  in 
late  December  1955  when  over  a  s^a:.  of  three  consecutive  day:.  the  wave 
length  of  the  roll  clouds  changed  successively  from  8  to  4.1  to  lc  km--the 
last  Ju3t  prior  to  a  complete  overcast  and  the  heavy  rains  which  brought 
great  floods  throughout  northern  California. 

Occasionally,  when  tue  upper  wind  r-peeds  are  increasing  rather  rapidly, 
the  change  in  wave  length  appears  to  tahe  place  discontinuously.  For  a 
period  of  an  hour  or  two  the  wave  will  be  indistinctly  marked  by  the  clouds 
after  which  it  will  again  be  cleurl.  visible  with  a  significantly  longer  wave 
length.  This  suggests  resonance  effects  caused  by  the  shape  of  the  underly¬ 
ing  terrain.  The  average  slope  of  the  east  flank  of  the  Sierra  from  the 
crest,  at  an  average  height  of  13,000  ft,  to  the  bi’eak  in  slope  at  the  top 
of  the  alluvial  fans,  at  an  average  height  of  6,000  ft,  is  30$i.  The  distance 
from  the  crest  of  the  Sierra  to  the  crest  of  the  Inyo  i fountains  averages  32 
km  (20  miles)  in  the  Independence- Lone  Pine  area,  while  it  is  about  26  km 
(l6  miles)  in  the  cross  section  through  Taboose  Pass  just  south  of  Big  Pine. 
Strong  waves  often  reach  their  greatest  development  in  the  latter  area  where 
the  highest  altitude  is  most  often  attained  in  a  sailplane.  To  what  degree 
the  form  of  the  Owens  Valley  influences  the  shape  of  the  lee  wave  is  a  matter 
for  further  study.  The  observations  suggest  that  the  eastern  Sierra  slope 
is  the  most  important  terrain  feature  in  the  creation  of  the  lee  wave  but 
that  the  beet  developed  waves  are  those  that  are  roughly  in  phase  with  the 
mountain  ranges  and  valleys  downstream  from  the  Sierra, 
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6.  MOLTfTAIH  WAVES  AID  JZT  SHIE/.MS 


Introduction. 


The  inter-relationship  of  mountain  waves  and  jet  stream*  is  a  subject 
on  the  frontier  of  current  meteorological  research.  Awareness  of  jet  streams, 
the  comparatively  narrow  bands  of  maximum  wind  speeds  in  the  'upper  troposphere, 
as  important  features  of  the  complicated  air  flow  patterns  over  the  earth  has 
come  about  only  within  the  past  decade.  The  phenomenon  itself  being  at 
present  incompletely  described  and  understood,  there  remains  much  exploration 
to  determine  the  manner  of  formation  end  evolution  of  jet  streams  and  their 
relationship  to  both  large-  and  smell- scale  weather  developments.  Although 
no  formal  definition  la  possible,  it  la  tacitly  understood  by  most  writers 
that  a  Jet  stream  in  the  winter  season  has  wind  speed:  of  100  knots  or  more 
in  a  band  300  miles  or  lea*  vide  and  extends  along  a  distance  of  at  least 
1,000  miles.  Wind  maxima  of  si-liar  speeds  but  of  lesser  width  and  length 
may  be  termed  "Jetlets." 

The  principal  Jet  stre— :  found  by  wind  cc-as' -re;er.ts  and  delineated 
by  contour  analysis  of  upper  air  isobaric  chart,  ir  that  associated  with  the 
polar  front  and  which.,  according  to  Palmen  (l>40  is  generally  situated 
directly  above  the  nb  isotherm  concentration.  The  500  mb  front  is  found 
between  the  Isotherms  of  -2C°  and  -30°C  and  usually  near  -25°C.  Also,  as 
pointed  out  by  Klehl  et  al  (195*0*  *  pronounced  temperature  gradient  at  200 
mb  lies  directly  above  the  jet  stream  axis,  indicating  a  break  in  the  tropo- 
pause.  The  position  of  the  jet  stream  core  with  respect  to  this  break- -which 
amounts  to  a  difference  in  height  of  the  tropopause  on  either  side  of  the  Jet 
core  of  the  order  of  10,0GC  ft— has  tended  to  discredit  the  earlier  concept 
of  the  "advection"  of  'polar  and  ''tropical"  tropopauses  and  suggests  instead 
a  dynamic  development  in  which,  looking  downstream,  the  air  to  the  left  of  the 
Jet  stream  core  is  subsiding  and  warming,  and  that  to  the  right  Is  rising  and 
cooling.  Selow  these  indicated  vertical  actions  the  reveres  is  believed  to 
occur,  that  is,  ascending  notion  in  the  cold  air  mass  and  descending  motion 
in  the  lower  troposphere  of  the  warm  air  mass. 

Other  significant  Jet  streams  arc  frequently  observed  both  to  the  north 
and  south  of  the  polar  front  jet  rtreac.  The  speeds  of  these  are  often  quite 
high  although  they  are  associated  with  temperature  gradients  considerably  lass 
than  those  of  the  polar  front.  Of  these,  only  the  more  southerly  one  baa  an 
influence  on  the  formation  of  Sierra  lee  waves. 

Over  the  Pacific  the  *olar  front  Jet  .-trees  Is  found,  on  th«  average, 
to  be  about  20°  of  latitude  farther  south  than  over  the  Atlantic  (llahl  et  al, 
195b).  This  eccentricity  of  the  "Jet  pole’  is  undoubtedly  related  to  the  un¬ 
even  distribution  of  large  land  masses  as  wall  as  to  the  paths  of  certain 
ocean  currants  such  as  the  fclf  Stream.  Whan  the  Jet  stream  crosses  the  vast 
coast  of  the  United  States  it  usually  appears  as  a  wide,  relatively  slow 
speed,  stream  of  air.  Speeds  over  100  knots  are  strong  and  speeds  of  150 
knots  or  greater  a re  rather  ur.coK.on.  In  addition  to  the  polar  front  Jet 
stream  whose  position  Is  much  more  variable  over  the  vest  coast  th*n  over 
tha  east  aoaat  of  the  I’aitec  States,  there  is  found  in  winter  e  nearly  con¬ 
stant  Jet  stream  at  latitude  30°  K  across  the  southern  United  State*.  The 
presence  of  this  latter  jet  stream  and  tha  development  of  a  southward-moving 
westerly  or  southwesterly  po-ar  front  jet  stream  somewhat  farther  north  tend 
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to  maintain  for  u  period  of  several  nours  over  the  dierra  a  ver\  broad,  rei- 
ativeiv  fast,  current  with  snail  lateral  gradients  but  v/itn  a  gradual  increase 
in  speed  with  time,  From  the  above  considerations  it  can  be  seen  that  the 
uc  oe '  .tior.  of  a  u*t  stream  with  tec*  development  of  uountai..  iee  waves  is 
1  o/ge  ./  dependent  or.  the  latitude  ai.d  orientation  of  the  r.Oonta.r  range.  For 
this  reuson  the  renarks  naae  in  this  ohapter  refer  only  to  the  Cierra  Nevada 
although  some  aay  be  applicable  to  other  ranges. 

In  the  discussion  which  feiiovs,  the  subject  nas  been  divided  among 
fiv.-  principal  topics.  These  are: 

.’)  The  location  of  the  polar  front  jet  stream  and  the  steady  increase 
of  wind  speeufa  over  the  _errn  during  lee  wave  occurrence. 

2)  Longitudinal  /ariat_ons  of  wind  speeds  associated  with  the  flow 
pattern  of  the  lee  wave  at  the  „et  stream  j.evel. 

3)  Locaa  periodic  variat.one  of  v/ind  speed  associated  with  travelling 
waves  in  or  -.ear  the  jet  stream. 

4)  Rapid,  non-periodic,  looa.1  .acreage  of  wi  d  speed  tuat  may  be  due 

to  travelling  wind  .peed  (;  tie-s)  and/or  c  „.ie  ^ocai  topography,  e.g., 

deep  transverse  canyons  and  passes  in  One  mountain  range. 

5)  The  vertical  and  aorizontal  wind  profixer  of  typical  Pacific  Coast 
Jet  streams. 

These  topics  are  discussed  -n  tnat  order  oekn  . 


Relationship  of  Sierra  Nevada  lee  waves  to  the  polar  front  jet  stream 

One  nay  begin  a  discussion  of  the  position  and  lateral  movement  of  the 
Jet  stream  during  the  occurrence  of  Sierra  lee  waves  by  examing  the  contour 
patterns  on  pertinent  isobaric  charts.  Since  the  radiosonde  observations  on 
which  the  smoothed  analyses  are  based  are  often  rather  sparse-- and  uncertainty 
is  often  aggravated  by  tne  difficulty  of  reconciling  Ueawher  Bureau  and  milu- 
tary  observations  as  pointed  out  by  Riehi  (!954)--the  aeostrophre  '  jet  stream" 
probably  exaggerates  the  width  of  the  band  of  exceedingly  strong  winds  and 
minimizes  the  maximum  speed  in  jumper ison  with  what  night  have  been  measured 
by  aircraft  flights  made  perpendicular  to  t..e  current,  Nevertheless,  it  is 
doubtful  if  the  position  of  the  true  ,et  stream  ’•aries  appreciably  from  the  re¬ 
gion  of  the  maximum  contour  gradient  un  'artfully  draw,  courts.  Some  examples 
of  upper  air  charts  on  3  days  of  itro..g  ee  waves  during  the  1951-52  season  are 
shown  in  Figs.  5.7  and  5.1^  (18  December  1951),  Fig.  5.35  (16  February'  1952), 
and  Fig.  5.^8  (19  March  x952).  Or.  these  charts  the  geostrophic  “jet  stream" 
appears  to  be  very  broad  over  the  Pacifi  Coast,  For  toe  other  lee  wave 
cases  discussed  in  Chapters  3  4  and  for  vnich  the  upper  tropospheric  flow 

patterns  are  not  s..ovn,  the  positions  of  the  principal  jet  streams  can  be  ap¬ 
proximately  determined  by  hie  position  of  the  polar  front  or  the  maximum  iso¬ 
therm  gradient  on  the  50C  mb  charts.  Mean  cnarts  for  the  18  strongest  lee  vaves 
in  the  period  1949-52  are  shown  Colson  (xd^4). 

During  the  ?55  sea.  >n  the  network  of  radiosonde,  ravin  and  pibal  observa¬ 
tions  was  much  more  der..«,  enab — ,  oor  j  accurate  d- termination  of  the  jet 
stream  position  by  both  oontouri  and  measured  winds.  The  case  study  of  1  April 


1955  given  in  Chapter  .  affords  a  typical  aid  Lore  detailed  excopie  of 
position  of  the  Jet  streco.  with  respect  to  both  the  fror.t  ai.d  the  Sierra  d-ring 
the  development  of  a  strong  nourtain  vave.  Relevant  illustrations  ir.  this 
so.’  e:  oro  the  3Cj  and  211  :i  charts  shown  ir.  71  jr.  6*11,  and  6C22,  ar.d, 
jar.s.  Iar-/>  „r.e  *  urtico-  croos  sections  of  Devalue.  s..ovn  in  Figs.  6.6  and 
6.24.  From  the.  e  charts  and  cross  sections  of  1  .pril  195?  arid  tr.e  .•r.pvb- 
liohed  analyses  of  all  the  notable  case:  of  bot..  the  19:1- 52  and  the  1955 
seasons,  it  appears  that  strong  lee  waves  usually  occur  in  the  relatively  -var-, 
c.terl”  or  southwesterly  current  ahead  of  ari  approaching  cold  front  a..d  sovt.. 
of  tn.e  front  jet  stream.  Ir.  the  cases  of  lS  December  1951,  19  l-arch 

1952,  and  25  April  1S;5,  the  synoptic  data  and  the  flight  measurements  sug¬ 
gest  that  the  principal  jet  stream  lay  over  the  High  Sierra  during  the  tine  of 
the  sailplane  flights. 


There  are  a  number  of  variations  so  the  typical  case,  a  fev  of  which  nay 
be  briefly  mentioned.  In  certain  cases,  when  a  cyclonicaliy  curved  jet  stream 
corsses  the  Sierra  from  the  ,-<Mt  or  southwest,  there  is  no  visible  evidence  of 
a  lee  wave  because  of  obscratio..  by  dense  clouds  and  precipitation.  Or.  two 
such  occasions,  14  January  _552  and  14  : larch  1952,  strong  winds  were  en¬ 
countered  at  l4,C0G  ft  by  tr.e  sailplane  on  tow  but  no  vave  motion  was  found 
over  the  Owens  Valley.  Ir.  either  case  it  was  imprudent  to  penetrate  the 
cloud  ceiling  for  further  exploration  and  whet-.er  or  ..ot  a  lee  wave  existed 
at  high  altitudes  is  c.  matter  for  conjecture.  Ir.  the  cases  where  a  westerly 
polar  front  Jet  stream  crossed  southern  California- -a  situation  that  brings 
heavy  rains  in  that  region-- south  of  the  High  Sierra,  .10  lee  waves  were  ob¬ 
served,  probably  because  of  the  presence  of  a  low  tropopause,  the  lack  of  a 
stable  stratification  in  the  cold  air  mass,  and  weaker  ■rind  speeds  aloft.* 

In  the  case  of  3 0  January  1952  the  flow  at  5X  nb  (Fig.  5-3*0  was 
relatively  slow  but  at  altitudes  near  the  200  mb  level  wind  speeds  of  over 
IX  knots  were  reported  at  several  stations  in  the  region.  In  fact,  during 
the  week  comprising  the  end  of  January  and  the  beginning  of  February  1952, 
the  zonal  index  was  the  highest  of  that  winter  season,  and  during  that  week 
moderate  Sierra  lee  vaves  were  observed  on  6  consecutive  days.  3he  strong 
winds  at  levels  near  60,000  ft  during  that  period  appeared,  from  perusal  of 
the  upper  contour  charts,  to  have  been  due  tc  a  strengthening  and  northward 
movement  of  the  more  southerly,  non- frontal,  jet  stream. 


Northwesterly  jet  streams  over  the  Sierra  are  usually'  associated  vith 
frontal  passages  and  post-frontal  flow  at  the  surface  but  sometimes,  if  the 
cold  air  mass  is  relatively  shallow,  may'  be  associated  with  lee  waves.  One  of 
the  most  memorable  cases  of  this  type  occurred  on  1?  November  1951*  Hiehl  and 
Tewles  (1952)  have  treated  th'  large-scale  synoptic  developments  of  this  peri¬ 
od  and  report  a  Jet  stream  of  2%  knots— on  extremely  high  speed— over  northern 
California  on  the  12th.  At  Bishop  the  double-theodolite  pibal  measurements 
showed  a  wind  speed  of  SC  knots  at  mountain  top  level  (14,000  ft).  A  sailplane 
flight  to  $k,OQQ  ft  was  na.de  over  Bishop  before  landing  in  a  40  eph  northerly 
wind  and  sandstorm  accompanying  the  frontal  passage.  Shortly  after,  the 
large  timber  and  sheet-’  -eta-  roof  the  Airport  hangar  vas  blown  off  in  a  oO 
mph  gust.  Frontal  passages  in  the  lee  of  the  Sierra  are  rarely  ao  violent, 
but  marked  passages  from  the  north  accompanied  by  strong  winds  presage  severe 
weather  on  the  Great  Plains  in  the  lee  of  the  Rockies  in  24  to  J6  hours.  \"hen 
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*The  effects  of  static  stability  and  wind  profile  arc  discussed  in  Chapter 


the  air  it  relatively  dry  and  few  clouds  appear,  later  development  over  the 
Plains  usually  brings  strong,  dry  norther lies  and  dust  storms .  But  vfaen  the 
northerly  frontal  passages  at  Bishop  are  accompanied  by  danse  cloud  formation 
and  some  rain,  the  aftermath  often  leads  to  thunderstorms  and  tornados  over 
the  plains.  An  example  of  the  latter  are  the  observations  made  at  Bishop 
24  May  1955“-*  moderate  lee  wave  with  roll  clouds  foiloved  by  overcast,  i  , 
and  northerly  sandstorm- -which  preceded  by  one  day  the  severe  tornado  destruc¬ 
tion  at  Udall,  Kansas, 

Jet  streams  frost  other  directions  have  little  to  do  with  Sierra  lee  vaves. 
Northerly  Jet  streams  above  the  post-frontal  flow  (sea  Piss.  6.30,  6.31,  and 
6.33)  *re  often  more  intense  and  in  a  narrower  band  than  those  downwind  of 
upper  air  troughs,  but  of  course  are  nearly  parallel  to  the  range  aa  wall  as 
having  considerably  different,  and  less  favorable,  wind  and  stability  profiles. 
Southerly  Jet  streams  are  almost  always  associated  with  very  moist  air,  dense 
clouds,  and  widespread  precipitation.  The  extremely  rare  easterly  Jetlet— 
a p  called  because  it  seldom  extends  for  more  than  a  few  hundred  miles — nay 
cause  a  short-lived  "reverse"  wave  over  the  Owens  Valley  which  is  then  in  the 
lee  of  the  White  and  Inyo  Mountains.  Such  a  case  occurred  on  13  Dsceaber  1951 
when  a  cyclonic  circulation  ("cut-off  low")  over  southern  California  brought 
strong  easterly  flow  over  the  White  Mountains  and  enabled  the  touplmne  to  be 
soared  to  20,000  ft. 


Stationary  wind  spaed  maxima  associated  with  the  mountain  wave 

As  discussed  in  Chapter  3  (Table  3.1)  and  in  Chapter  6  (Pig.  6.14),  there 
are  in  strong  lee  vaves  large  longitudinal  variations  in  wind  speed  which  remain 
nearly  stationary  with  respect  to  the  underlying  terrain.  Obviously,  whan  a 
strong  lee  wave  occurs  vlth  a  Jet  stream  overhead,  the  wind  of  the  fastest  cur¬ 
rent  will  be  speeded  up  in  some  portions  of  the  wave  flow  and  slowed  down  in 
other  portions.  Where  the  disturbed  flow  in  the  higher  levels  has  the  form 
observed  from  the  B-47  flights  of  1  April  1955  (Pig*  6.17),  extremely  strong 
Jetlet b  have  been  found  to  exist  for  many  miles  downstream.  These  observations 
vers  first  made  by  Robert  Symons  of  Bishop  who  also  was  the  first  to  point  out 
that  the  cirrus  bands  associated  with  such  strong  winds  originated  in  the  lee 
of  the  Sierra  and  extended  for  a  few  hundred  miles  or  more  downstream.  Symons 
explored  these  phenomena  with  a  sailplane  and  on  several  occasions  encountered 
wind  speeds  considerably  in  excess  of  100  knots  while  flying  above  30,000  ft 
and  downwind  of  the  principal  lee  wave  clouds .  A  cross  country  sailplane 
flight  to  Kly  by  Symons  was  made  in  about  l£  hours  with  the  help  of  the  strong 
tallvlnds  encountered  after  reaching  a  high  altitude  in  a  strong  lee  wave. 

The  strong  wind  speeds  at  Beatty  on  1  April  1955  (Pigs*  6.21  and  6.22)  aay  be 
related  to  the  large-scale  effect  of  the  Sierra  on  the  upper  mix  flow  pattern. 


Periodic  variations  in  wind  speed 

There  is  no  regular  means  of  measuring  local  pulsations  of  wind  speed  in 
the  upper  air.  However,  the  most  convenient  and  setts itive  tool  at  present  is 
a  sailplane  which,  by  attempting  to  hover  in  the  updraft  zone  of  a  strong  lae 
wave,  can  maaaure  rather  accurately  the  variations  in  horizontal  wind  speed. 
Such  observations  were  mode  by  Or.  Kuettner  (1952)  on  the  afternoon  of  25 
February  1951  while  attempting  to  remain  motionless  over  the  terrain  at  30,000 
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ft  in  a  Sierra  lae  vmve.  At  first  a  true  speed  of  approximately  70  qph 
(42  oph  indicated)  was  necessary  to  equal  the  wind  speed,  hut  within  a  fev 
minutes  the  sailplane  began  to  drift  slowly  backward  and  the  forward  speed  had 
to  be  increased*  The  vlnd  continued  to  increase  in  spoed  until  finally  a 
true  speed  of  110  oph  (65  aph  indicated)  vas  necessary'  to  compensate  for  the 
vlnd.  Sue  to  the  high  forward  spaed  vlth  respect  to  the  air,  the  sinking  speed 
of  the  sailplane  increased  and  altitude  vas  lost  in  the  effort  to  prevent 
drifting  back  into  the  downdraft  area*  This  rather  difficult  situation 
lasted  for  about  8  ninutes,  after  which  the  wind  speed  decreased  continuous¬ 
ly  until  a  true  speed  of  70  nph  (42  oph  indicated)  vas  again  sufficient  for 
hovering  flight.  The  entire  cycle  vas  repeated  once  again  before  the  flight 
vas  terminated  because  of  the  late  time  of  day.  These  observations  suggest 
that  the  period  of  such  'travelling  pulsations  le  of  the  order  of  20  minutes* 
Variations  of  surface  pressure  of  similar  periods  hare  been  recorded  by 
sensitive  barographs  or  pressure  variographs  at  times  when  a  Jet  stream  or 
Jetlet  vas  overhead. 


Son-periodic  increase  of  vlnd  speed  associated  vita  jet lets 

One  of  the  most  fascinating  occurrences  in  trans-Sierra  weather  is  the 
rapid  build-up  of  a  strong  lee  wave  within  a  fev  hours  after  the  appearance 
of  the  first  lenticular  clouds.  Such  short-lived  waves  are  associated  with 
the  development  of  local  Jetlets  vhlch  may  in  turn  be  connected  with  rela¬ 
tively  fast-moving  troughs  in  the  as  In  upper  air  flov.  Tine  lapse  notion 
pictures  and  sequences  of  still  photographs  have  recorded  the  rapid  develop¬ 
ment  of  such  waves  an  several  occasions.  An  outstanding  example  of 
phenomenon  occurred  on  4  April  1954  when  a  sailplane  piloted  by  Dr.  Kuettaar 
released  from  tow  just  south  of  Bishop  where  the  roll  end  lenticular  cloud 
decks  were  building  most  rapidly.  A  mi—  altitude  of  35,000  ft  was 
reached  within  17  oinutes  as  the  lee  wave  phenomena  reached  their  meet  im¬ 
pressive  stage  of  development.  At  32,000  ft  it  was  observed  by  Kuettaar  that 
the  wind  speed  at  the  center  of  the  Jetlet  was  about  120  knots  while  on 
either  side  within  a  total  band  of  shout  50  miles  the  speed  dropped  to  70 
knots.  Staying  near  the  center  of  this  vlnd  speed  as  it  moved  south¬ 

ward,  and  utilising  updrafts  in  lee  waves  of  other  mountain  ranges,  Kuettaar 
completed  a  cross-country  flight  to  Las  Vegas. 

These  Jetlets  occur  most  frequently  la  the  relatively  warm  air  several 
hundred  miles  south  of  the  principal  polar  front  Jet  stream.  It  is  a  curious 
fact,  and  a  vexing  one  from  the  standpoint  of  research  flight  planning,  that 
all  of  the  many  cases  of  thi-  kind  observed  during  the  last  4  years  have  oc¬ 
curred  in  the  afternoon  with  the  lee  wave  phenomena  reaching  their  greatest 
development  shortly  before  sunset.  This  is  one  of  the  interesting  facets  of 
the  mountain  wave- Jet  stress  relationship  that  needs  further  aaqplooratlon.  It 
suggests  e  diurnal  solar  effect  closely  related  to  the  24-hour  component  of 
the  atmospheric  tide.  Seem  neaorable  examples  of  such  rapid  developments  of 
strong  waves  occurred  on  28  March  1954,  and  16,  24,  and  28  April  1955.  Bach 
of  these  4  cases  signaled  the  approach  of  the  polar  front  end  preceded  frontal 
passage  by  about  3 £  hours.  Two  of  the  cases  (28  March  1954  and  26  April  1955) 
preceded  moderate  lee  waves  on  the  following  da}'  end  the  other  two  (16  and  24 
April  1955)  were  succeeded  by  strong  waves  occurring  In  closer  proximity  to 
the  polar  front  Jet  stream.  On  the  afternoon  of  24  April,  preceding  the  strong 
wave  of  25  April  mentioned  above  and  discussed  in  Chapter  6  (flgs7o.4l  and 
6.42),  high,  ribbed,  cloud  bands  of  the  types  described  by  Schaefer  (1953) 
and  Frost  (1953  and  1954)  were  seen  passing  overhead  at  speeds  of  the  order 
of  100  knots. 


It  should  b*  mentioned  further  that,  while  the  Jetlets  ere  meso-  scale 
features  of  the  upper  air  flow  which  generally  travel  oar  develop  in  the  large- 
scale  upper  currents,  certain  topographical  fores  augsent  the  maximal  speed 
of  the  Jet  stress  or  aay  themselves  cause  local  Jetlets  in  a  fast  current  of 
broad  lateral  extent*  The  most  pronounced  effect  of  this  type  has  been  ob¬ 
served  on  many  occasions  in  the  area  Just  south  of  Big  Pine  in  the  Owens  Val¬ 
ley  and  Just  downwind  of  Tabooee  Peas  in  the  Sierra.  On  either  side  of  this 
bored  cleft  in  the  Sierra  crest  are  transverse  canyons,  that  on  the  western 
slope  being  the  deep  canyon  of  tha  South  Pork  of  the  Kings  River  (see  Pig. 
6.10c).  Strong  west-southwest  winds  art  channeled  along  the  canyon  and  through 
the  pass  making  tha  wind  speeds  along  that  vertical  cross  section  stronger 
than  those  on  either  side.  As  related  in  the  last  chapter,  this  ia  also  the 
cross  section  along  which  the  distance  between  the  crest  of  the  81erra  and  the 
crest  of  the  Inyo  Mountains  is  a  minimum;  whan  wind  speeds  aloft  increase  with 
time  a  resonance  wave  of  wavelength  near  13  km  will  develop  first  and  best  in 
this  area.  For  these  reasons,  sailplanes  are  often  released  from  tow  Just  south 
of  Big  Pine  where  the  strongest  updrafts  are  found  and  the  highest  altitude 
can  be  attained. 


Vertical  and  horizontal  velocity  profilee 

In  c caparison  with  the  structure  of  many  Jet  streams  found  over  the  seat 
coast  as  reported  by  Kndllch  (1954),  Rlehl  et  al  (1954),  end  others,  the 
structure  of  many  Pacific  Coast  Jet  streams  in  both  vertical  and  lateral 
profiles  is  one  lacking  in  a  sharp  peak  of  maxlam  wind  speed.  Bxample*  of 
this  blunter  profile  in  tha  vertical  can  be  seen  in  Pigs.  3.30,  3.40,  6.40, 
and  6.42.  The  reasons  for  this— lesser  temperature  gradients  defining  the 
polar  front  over  the  West  Coast  and  the  proximity  of  a  higher,  more  southerly 
Jet  stream— have  been  suggested  above.  The  lack  of  a  pronounced  wind  speed 
maximum  in  tha  lateral  direction  and,  instead,  a  quite  broad  band  of  strong 
wind  speeds  is  responslbls  for  rather  long-lived  lee  waves  that  aay  persist 
for  one  or  two  days  before  their  dissipation.  Westerly  wind  profilee  with 
sharp  maxima  are  most  often  found  in  the  Jetlets  and  the  strong  waves  associa¬ 
ted  with  these  ere  consequently  rather  short-lived. 

The  principal  effect  of  the  structure  of  a  westerly  Jet  stream  over  the 
Pacific  Coast  cm  mountain  lee  wave  formation  is  in  creating  a  favorable  velocity 
profile  for  the  development  of  "resonance  waves."  As  discussed  by  Profsssor 
Holafeoe  in  Chapter  12,  strong  waves  in  the  lee  of  the  Sierra  are  favored  by  e 
high  tropopeuae  and  a  rather  strong  positive  vartioal  wind  shear  in  the  tropo¬ 
sphere.  m  the  period  October  through  May  such  a  profile  is  common  in  a  pre¬ 
frontal  westerly  or  southwesterly  current  over  the  Sierra  when  the  polar  front 
Jet  stream  crosses  southern  Oregon  or  northern  California,  and  it  ia  augmented 
by  the  Intensification  of  another  Jet  stream  at  high  altitudes  over  southern 
California  and  Arisona. 


further  outlook 


More  observations  and  research  on  the  mountain  wave- Jet  stream  relationship 
are  needed  to  supply  Important  details  presently  lacking  from  our  knowledge  of 
the  subject.  To  date  there  have  been  no  serological  studies  of  Jet  streams 
over  the  western  United  States  of  the  type  conducted  by  iroject  Arowa  and 
Project  Jet  Stream  over  the  eastern  United  States.  Aircraft  travsrses  of  strong 
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westerly  currents  over  the  Pacific  Coast  and  downwind  of  the  Sierra  Nevada 
will  shed  ouch  light  on  the  structure  of  jet  stress*  in  that  region.  Same  of 
the  reler  ant  problems  to  be  solved  by  this  or  other  observational  techniques, 
e.j.,  sailplanes,  strategically  placed  ravinsonde  stations,  etc.,  are 
noted  here: 

1)  What  temperature  changes  aloft  are  associated  with  the  fomut  Ion  and 
movement  of  jet  streams  and  what  are  the  mechanisms  of  the  temperature  and 
v/ind  speed  changes! 

2)  What  is  the  effect  of  the  mountain  wave  temperature  field  at  the 
tropopause  level  on  the  wind  flow  pattern?  What  effect  has  this  large  temper¬ 
ature  difference  across  the  Sierra  on  the  speed  and  direction  of  the  large- 
scale  jet  stream? 

3)  In  strong  westerly  flow,  is  there  frequently  a  double  jet  strean 
structure  with  one  jet  core  to  the  north  of  and  the  other  to  the  south  of 
the  High  Sierra?  If  so,  is  this  a  large-scale  effect  of  the  mountain  wave? 

4)  What  la  the  ozone  distribution  at  high  levels  (30,000  to  40,000  ft) 
over  the  Sierra  during  the  occ  urrence  of  a  strong  lee  nave?  Has  ozone  an 
effect  on  the  differential  heating  of  the  air  and  the  creation  of  local  jet- 
lets? 


5)  How  high  does  the  mountain  wave  extend?  1/hat  happens  at  the  level 
in  the  stratosphere  where  the  wind  speed  drops  to  zero? 

It  la  hoped  that  all  of  these  questions  will  be  answered  during  the 
next  decade. 
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9.  PKESdURE  FXFLU6  AKD  AIHMOSt  HbiCRS 


Introduction . 


A  discussion  of  the  field  of  pres  stars  in  lee  vaves  and  of  its 
implications  to  altimeter  readings  of  aircraft  vould  soon  require  a 
review  of  the  principles  of  pressure  measurement  and  of  the  techniques  of 
determining  heights  of  aircraft,  for  this  reason  these  subjects  are  treated 
in  Appendix  B,  together  with  a  discussion  of  radiosonde  pressure- heights. 

It  was  deemed  pertinent  to  begin  this  chapter  with  a  section  on  altimeters  and 
the  errors  Involved  in  both  instruments  and  methods,  irrespective  of  "errors" 
caused  by  extraordinary  atmospheric  phenomena  such  as  thunderstorms  and 
mountain  vaves.  Upon  these  foundations  the  spatial  variation  of  pressure  in 
lee  waves  are  examined  and  their  meteorological  and  operational  significance 
discussed.  In  treating  this  subject  the  problems  of  both  meteorologists  and 
pilots  have  been  considered  and,  wherever  possible,  appropriate  examples  have 
been  chosen  for  illustration. 


The  pressure  altimeter. 


The  measurement  of  pressure  in  upper  air  soundlngf  and  the  most 
generally  used  method  for  determination  of  the  heights  of  aircraft 
both  make  use  of  the  aneroid  barotieter.  Da  the  caae  of  aircraft,  the 
Instrument  is  known  as  an  altimeter  and  the  Bladings  are  "indicated  altitude" 

In  accordance  with  the  pressure-altitude  relationship  defined  by  the  U.S. 
Standard  Atmosphere.  The  most  commonly  used  pressure  altimeter  is  one 
In  which  one  revolution  of  the  principal  pointer  corresponds  to  1,000  ft  and 
in  vhlch  a  second  pointer  indicates  thousands  of  feet,  and  a  third  the  tens 
of  thousands  of  feet.  The  Instruments  are  calibrated  for  gross  mechanical 
errors  and  usually  there  la  roue  estimate  of  the  corrections  to  be  applied 
for  dynamic  pressure  effects  dependent  on  the  speed  and  design  of  the  various 
types  of  aircraft.  An  adjustable  knob  allows  the  pilot  to  change  the  "altimeter 
setting"  and  consequently  the  dial  pointer!  in  order  that  they  may  indicate  the 
known  geometric  altitude  of  the  airfield  from  which  he  Is  taking  off.  Similarly, 
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before  landing,  the  altimeter  setting  is  radioed  to  the  pilot  in  oraer  that 
he  will  know  the  (nearly)  exact  indicated  altitude  at  which  the  vi.eels  of  his 
aircraft  will  touch  the  ground.  Most  pilots  have  cognizance  of  the  fact  that 
the  appropriate  altimeter  sett  ng  for  indicating  true  altitude  changes  much 
more  vrlth  altitude  than  from  one  altimeter-setting  station  to  the  next,  but, 
in  general,  this  correction  is  not  applied  In  routine  flights;  the  problem 
of  terrain  clearance,  to  which  this  effect  has  particular  relevance,  ia 
ostensibly  solved  by  specifying  a  minimum  flight  altitude  over  mountains. 

1.  a  ratner  definitive  study  of  altimeters,  the  Operations  and  Engineering 
Group  of  the  International  Air  Transport  Association  has  Issued  a  report 
(1953)  on  the  various  errors  involved  in  pressure-altitude  measurement.  The 
following  material  has  been  extracted  from  that  report. 

There  are  three  basic  types  of  errors  that  can  be  distinguished  in 
the  pressure  altimeter,  namely : 

1.  liechanical  [or  Instruments.  ]  errors,  which  depend  upon  imperfec¬ 
tions  in  the  mechanical  J/Ytcm. 

a)  Diaphraga  error.  Due  to  material  imperfection  and  the  construc¬ 
tion  of  the  aneroids,  the  diaphragm  de-lection  trill  not  be 
linear  but  .rill  differ  for  the  same  given  change  of  atmospheric 
pressure  at  different  heights. 

b)  Hysteresis  error.  Due  to  imperfection  of  the  elastic  properties 
of  the  aneroid  material,  a  certain  time  will  elapse  after  a 
pressure  change  before  the  aneroids  nsnre  completely  svasuswd  the 
shape  corresponding  00  the  new  press  ire.  ("Lag"  is  the  process 
that  occurs  at  a  certain  height  when  the  aneroid  Is  gradually 
taking  the  shape  corresponding  to  the  pressure  at  that  height . ) 

c)  Friction  error.  Due  to  friction  in  the  transmission  mechanism 
between  the  aneroids  and  the  pointers,  the  pressure  change  must 
reach  a  certain  value,  or  the  instrument  must  be  exposed  to  vi¬ 
brations  of  a  certain  magnitude  to  move  the  pointers.  Moreover, 
there  exists  friction  located  at  the  temperature  compensator 
pins,  which  could  not  be  overcasw  by  vibrations . 

d)  Temperature  error.  Due  to  the  instrument  being  nonnail)'  tested 
at  a  fixed  temperature  ( generally  20°C),  any  variation  of  the 
temperature  of  the  instrument  during  actual  operations  will 
Introduce  an  error,  as  the  construction  of  the  instrument  only 
parti)’  compensates  for  the  temperature  deviation. 

•  )  Backlash  error.  IXie  to  pxay  in  the  gear  transmission  between  \ 

the  pressure  scale  and  the  height  scale  and  in  the  idler  gear  I 

of  the  instnnent  errors  may  arise. 

f)  Balance  error.  Due  :o  the  impossibility  to  coordinate  the  state 
of  balance  ^ '  c  .1  moving  .xurts  of  the  altimeter  to  such  a  degree 
that  the  ins  .rument  will  be  entirely  independent  of  its  position 
in  relation  to  itc  csdibration  position  (1013.2  mb,  29.92in),  an 
error  will  occur. 

g)  Coordination  error.  'Me  to  nccmpletion  in  the  coordination 
between  the  pressure  scale  and  the  height  scale  of  the  alti¬ 
meter,  an  error  may  arise. 


h)  Instability  error.  Due  to  different  reaction  of  the  iastrume  it 
during  tvo  consecutive  climbs  or  descents,  an  error  nay  arise 
in  the  indication.  ( Instability  error,  being  additional  to  the 
foregoing,  has  been  found  to  take  effect  at  ai*y  tine  after  the 
original  calibration  has  been  made,  and  is  consequently  outside 
the  limits  laid  down  by  the  tolerance  curves  for  the  diaphragm 
and  hysteresis  corrections.  It  can  be  a  combination  of  one  or 
more  of  the  above  stated  errors.) 

2.  Operational  [or  installation  1  errors,  which  depend  upon  the  vay 
tnat  the  pressure  altiaeier  is  operated,  and  the  possibility  of 
reading  and  setting  the  altimeter. 

a)  Static  system  error.  Due  to  difficulties  to  find  a  location  for 
the  static  intakes  that  is  undisturbed  under  all  flight  condi¬ 
tions,  an  error  in  the  indication  will  occur. 

b)  Zero-setting  error.  Due  to  the  shape  of  the  tolerance  curve 
generally  decreasing  with  height,  the  tolerance  at  certain 
heights  is  different  if  a  zero- setting  other  than  1013*2  st> 

(29.92  in.)  is  used. 

c)  Readability  errors. 

i)  Due  to  the  height  scale  of  the  altimeter  being  graduated 
in  intervals,  it  is  impossible  to  obtain  a  greater  accuracy 
In  the  reading  than  approximately  half  the  graduation, 
il)  Due  to  the  pressure  scale  of  the  altimeter  being  graduated 
in  intervals,  it  is  impossible  to  set  the  pressure  scale 
with  a  greater  accuracy  than  approximately  half  the 
graduation. 

3.  Principle  [or  inherent  ]  errors,  which  depend  upon  the  method  used 
to'  convert  pressure  into  height  indications,  i.e.,  the  use  of  the 
standard  atmosphere. 

a)  Density  error.  As  the  density  of  the  real  atmosphere  generally 
differs  from  the  density  of  the  standard  atmosphere,  the  indicate! 
height  over  the  pressure  datimi  on  the  pressure  scale  will  deviate 
from  the  true  height. 

b)  Pressure  datum  error.  Due  to  the  change  of  pressure,  in  tine 
and  space,  the  setting  of  the  pressure  scale  ^rill  not  cor¬ 
respond  entirely  to  the  atmospheric  pressure  at  the  reference 
datum. 

In  connection  with  the  foregoing,  the  following  terns  are  applicable: 

a)  The  tolerance  curve  is  the  curve  that  indicates  the  ac¬ 

ceptable  corrections. 

b)  The  calibration  curve  is  the  curve  that  indicates  the  results 
obtained  from  any  particular  instrument  during  the  course  of  test 
caused  by  diaphragm  and  hysteresis  inaccuracies. 


The  magnitudes  of  these  various  errors  have  been  carefully  estimated 
for  different  altitudes  and  for  different  specific  uses  of  alt ineters-- terrain 
clearance  enroute,  approach  and  landing,  vertical  separation  of  aircraft,  and 
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meesuronent  of  D  value.*  These  estimated  maximum  errors  for  two  of  these 
uses  are  given  in  the  two  tables  below. 

Table  9.1.  Terrain  Clearance  Earoute 


Ieight  (1, 000's  ft) 

Mechanical  errors: 

1, 

3, 

6, 

10, 

15, 

22, 

30 

a)  Diaphragm  and 

b)  ft'steresis 

50 

50 

65 

100 

150 

220 

300 

c)  Priction 

20 

25 

30 

30 

45 

55 

75 

d)  Temperature 

5 

5 

10 

10 

10 

10 

10 

e)  Backlash 

10 

10 

10 

10 

10 

10 

10 

f)  Balance 

20 

20 

20 

20 

20 

20 

20 

g)  Coordination 

25 

25 

25 

25 

25 

25 

25 

h)  Instability 

30 

30 

35 

40 

45 

55 

75 

Operational  errors 

a)  Static  system  0 

0 

0 

0 

0 

0 

0 

b)  Zero  setting 

c)  Readability 

a 

15 

15 

15 

15 

15 

i  Height  scale 

10 

10 

10 

10 

10 

10 

10 

il  Pressure  scale  15 

15 

15 

15 

15 

15 

15 

Principle  errors 

a)  Density  (#) 

30 

90 

180 

300 

450 

660 

900 

b)  Pressure  datum 

200 

200 

200 

200 

200 

200 

200 

Maximum  correction 

*415 

468 

615 

775 

995 

1295 

1655 

Mote:  If  the  cruising  level  has  been  maintained  for  at  least  half  an 
hour,  the  diaphra#n  and  hysteresis  correction  could  be  reduced  by  30  ft 
above  10,000  ft. 


*In  measuring  D  value  by  aircraft  it  is,  of  course,  necessary  to  measure 
both  Zp  and  Z.  The  latter  is  either  determined  by  a  radio  altimeter  as  by 
reconnaissance  aircraft  over  the  ocean  or  level  ground,  or  by  some  other 
means  of  absolute  altitude  tracking  such  as  of  sailplanes  in  the  Mountain 
Have  Project. 

Correction  should  be  applied  for  this  error. 


Table  9*2.  lieexureocot  of  D  -  value 


Hei'jht  (1,000' s  ft)  1, 

Mechanical  errors: 

3, 

6, 

10, 

15, 

22, 

30, 

a)  Diaphragn  and 

b)  Ifysteresis 

50 

65 

100 

150 

220 

300 

c)  Friction 

25 

30 

30 

45 

55 

75 

d)  Temperature 

5 

10 

10 

10 

10 

10 

e)  Backlash 

10 

10 

10 

10 

10 

10 

f )  Balance 

0 

0 

0 

0 

0 

0 

g)  Coordination 

0 

0 

0 

0 

0 

0 

h)  Instability 

30 

35 

40 

45 

55 

75 

Operational  errors 

a)  Static  system* 

0 

0 

0 

0 

0 

0 

b)  Zero  setting 

c)  Readability 

c 

0 

0 

0 

0 

0 

i  Height  scale 

10 

10 

10 

10 

10 

10 

ii  Pressure  scale 

i: 

15 

15 

15 

15 

15 

Principle  errors 

a)  Density  (3?) 

0 

0 

0 

0 

0 

0 

b)  Pressure  datum: 

0 

0 

0 

0 

0 

0 

Maximum  correction 

*145 

175 

215 

2e5 

375 

495  ft 

Reduced  nox.  corr:** 

i  70 

85 

90 

no 

130 

170 

Mote:  If  the  cruising  level  baa  been  maintained  for  at  least  half 
on  hour,  the  diaphragm  and  hysteresis  correction  could  be  reduced  by  30 
ft  above  10,000  ft. 


“correction  should  be  applied  for  this  error. 

**If  a  calibration  curve  lc  used  and  correction  applied  (as  for  the  static 
systea  error),  the  diaphra^p  and  hysteresis  errors  can  be  reduced  to  aero. 

If  the  instrument  is  locked  in  too  1013.2  ab  (29.92  in)  position,  backlash 
and  readability  (pressure  scale)  will  also  disappear.  The  "reduced  max. 
corr."  is  then  obtained. 

Free  the  above  tables  lc  Is  seen  that  the  most  serious  errors  ere: 
the  combined  diaphragn  and  hysteresis  errors,  density  errors,  and  pressure 
datum  (aVtlaeter  setting)  errors.  One  example  of  sach  of  these  is  given  be  lav. 

Example  1.  Hysteresis  and  diaphragm  errors.  Ia  Fig.  9.1  the  calibra¬ 
tion  curves  for  t-.fo  50,000  foot  altimeters  are  shown.  One  set— that  of  lesser 
amplitude — is  of  a  aouauhet  better  instrument  of  the  type  used  la  current 
military  aircraft.  The  other  is  probably  typical  of  most  altimeters  cur¬ 
rently  used  in  commercial  and  private  aircraft.  In  the  latter,  corrections 
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of  over  3^0  feet  are  ndlcated  v/ith  a  maximum  reference  between  the  ascent 
and  descent  curves  of  about  400  feet.  In  reality ,  in  an  undulating  flight, 
Juap a  in  the  readings  do  not  occur  because  of  lag  and  it  is  then  that  ac¬ 
curate  deteruinations  of  Zp  are  most  difficult  to  ascertain. 

Example  2.  Altimeter  setting  error.  At  the  Bishop  Airport  'leather 
Bureau  station  (Z  *  4,110  ft)  a  barometric  pressure*  of  25.735  in.  cor¬ 
responds  to  Zp  >  4,110  ft  and  D  ■  0.  (See  Pig.  B.l. )  In  this  case  the 
altimeter  setting,  A,  would  be  29.92  in.  Mow,  when  the  Bishop  pressure  is 
2p.26  in.,  Zp  ■  4,610  ft,  D  ■  -  500  ft,  and  A  ■  29.38  in.  (which  is  about  as 

close  os  one  can  read  the  alticeter  setting  dial).  Checking  the  formula  for 

obtaining  Zp  from  the  altimeter  and  supposing  the  instrument  to  be  perfect, 
i.e.,  no  Instrumental  errors,  ve  have: 

Zp  -  Zj  +  925  (29.92  -  A) 

-  4,110  +  925  (29.92  -  29.38) 

=  4,110  +  500  *  4,610  ft 

This  is  the  same  result  as  obtained  from  the  nomogram  of  Pig.  B.l  or  from 
Bellamy's  tables  of  p  .*s  Zp  when  p  -  25.26  in.  was  known.  It  can  be  seen 
that  the  term  925  (  29«92  -  is  equal  in  magnitude  to  the  D  value  but  of 

opposite  sign  and,  therefore,  that  the  local  altimeter  setting  is  merely  the 
correction  for  the  local,  surface  D  /alue.  Bad  the  altimeter  setting  been 

29.92  in.,  again  assuming  a  perfect  instrument,  the  indicated  altitude  would 

have  been  4,6lO  ft. 

Example  3.  Density  error.  In  the  vertical  cross  section  from  Medford 
to  Phoenix  at  0300  GCt  on 2  April  1955  (Pig.  6.24),  the  D  values  at  300  ab 
for  Medford  and  Phoenix  are,  respectively,  -1,050  ft  and  +060  ft.  Bow  sup¬ 
pose  that  the  surface  D  values  at  each  station  were  both  zero;  this  is  very 
nearly*  so  as  D  decreases  with  height  in  the  cold  air  over  liedford  and  in¬ 
creases  with  height  in  the  irarn  air  over  Phoenix.  (Here  "cold"  and  "vara" 
are  relative  to  the  Standard  Atmosphere  sounding. )  Then  at  each  station,  if 
an  aircraft  were  flying  from  or.e  to  the  other,  the  altimeter  setting  would  be 
the  some,  namely  29*92  in.,  end,  if  the  instrument  and  operational  errors  and 
time  changes  of  D  are  neglected,  it  would  correctly*  Indicate  the  true  heights 
of  the  fields  at  both  Medford  and  Phoenix.  But  if  the  aircraft  flew  at  300 
mb,  the  altimeter  would  read  1,050  ft  too  high  over  Medford  and  80O  ft  too 
low  over  Phoenix  while  always  choiring  the  sane  Indicated  altitude  of  about 
36,050  ft.  The  total  deviation  is  close  to  2,000  ft. 


The  lee  irave  pressure  field. 


lion- hydrostatic  eff ec  ,3 .  It  has  been  recognized  for  many  years  that 
mountain  waves,  like  thunders  torus,  are  among  the  phenomena  excepted  from  the 
general  assumption  that  pressures  measured  in  the  atmosphere  reflect  only 


Corrected  for  scale,  tenpcravire,  and  Gravity  error  but  not  for  elevation 
(4,145  ft)  of  the  former  station  site  in  the  town  of  Bisltop. 


193 


hydrostatic  conditions.  Ir.  these  exceptions  to  hydrostatic  conditions  the 
deviations  of  true  pressures  ft* an  pressures  resulting  solely  from  the  "weight 
of  the  air  are  caused  by  vertical  accelerations  in  the  air  flow.  The 
principal  difference  betveen  the  non-hydrostatic  pressures  in  lee  waves 
and  those  in  thunderstorms  and  related  phenomena  is  tliat  in  the  latter  the 
vertical  notion  and  its  pattern  of  accelerations  are  ratlier  unsystematic 
and  non- steady  whereas  in  the  former  they  are  systematic  and  approximate  a 
stead}*  state.  Therefore,  if  the  synoptic  streamline  pattern  of  a  lee  wave 
is  knovn,  it  is  possible  to  calculate  the  effect  of  the  vertical  velocity 
accelerations  on  the  pressures  measured  by  aircraft.  The  derivation  of  the 
formula  is  as  follows* 

The  equation  of  motion  for  steady  flow  (3/dt  *  0)  in  the  vertical 
plane,  with  the  Coriolis  and  viscosity  terms  ignored,  can  be  written: 

v-vy  -  (v2/r)  n  ♦  v  av/as  $  -  -  a?p  ♦  3 

where  V  «  Vt,  0  is  the  lefthand  normal,  l/R  is  the  curvature,  and  s  Is  along 
the  streamline.  For  points  on  trough  and  crest  lines  t  •  i,  n  ■  k,  s  ■  x, 

V  »  U,  and  v  «  0,  so  here  one  gets: 

(U2 /R )  k  ♦  (uau/3>:)  J  *  -  aty  -  sJt 

Multiplying  by  p  and  rearranging  terms, 

(1)  -vP  -  p(3  +  u2/r)  /.  ♦  p( uau/ax)  i 

Integrating  alonj  a  tilting  trough  or  crest  line 
one  gets: 

(2)  p0  -  Pi  -  /  zi  p  (g  «■  u2/* )d*  ♦  /  p  (uau/ax)dx 

*o  xo 

At  the  trough  line  R  is  positive  and  at  the  crest  line  R  is  negative. 
In  an  upwind- tilting  lee  wave,  3U/dx  <  0  at  the  trough  line  and  3U/dx  >  0  at 
the  crest  line  since  that  configuration  requires  greater  wind  speed  in  the 
downdraft  areas  than  in  the  updraft  areas.  For  a  non-tilting  lee  wave, 
equation  (l)  reduces  io: 

(3)  *•  •  P0  -  Pi  *  /  *l  p(3  ♦  l^/Rjdr, 


If  a  streamline  in  the  lee  wave  is  u fined  by  y  =  y(x),  its  slope  Is 
y’  ■  v/U  and  its  curvature  at  a  trough  or  rest  is 

i/R  *  y"  -  (w/u) 1  -  u*1  3v/a*  -  v <r2  au/ax 

But  v  -  0  at  trough  and  crest  lines  so  that  U2/K  *  U  dw/dx.  For  periodic 
flow,  w  m  v„  cos  2wxL"l  and 

av/dx  n  vEax  2WL"1  (-sin  SxxL"1) 

At  crests  and  troughs  x  «  L/k  and  3L/U.  respectively.  Then  at  the  trough 
lines,  (dv/ax)  ■  ”,rinv  SiL"1  and  at  the  crest  lines, 

(aw/ax)  -  -  v  aiL*1. 
max 
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A  convenient  fora  of  equation  (3)  it: 

(4)  PO  '  Pi  •  /  *1  P  -  P  ^  2KL’1  AZ, 

*0 

where  the  plus  sign  applleo  at  troughs  and  the  *inus  sign  at  crests.  This 
equation  states  tint  the  difference  in  atmospheric  pressure  measured  along 
a  vertical  between  level  2q  and  a  higher  level  z-^  is  eqpal  to  the  hydro¬ 
static  pressure,  i.e.,  the  weight  of  air  in  the  column  of  unit  cross  sec¬ 
tion,  plus  the  integrated  effect  of  the  vertical  centrifugal  accelerations. 

It  is  apparent  that  the  critical  regions  where  both  terms  on  the  right  side 
reach  maximum  values  at  an}’  level  are  the  troughs  and  crests  of  the 
vertical  streamline  pattern.  Considering  first  the  hydrostatic  ten, 
wherever  the  lapse  rate  is  less  than  the  adiabatic  lapse  rate,  and  assum¬ 
ing  that  the  only  temperature  changes  of  air  parcels  in  the  vave  flow  are 
adiabatic,  temperatures  in  the  crest  will  be  coldest  and  those  in  the 
troughs  warmest  at  any  level.  This  difference  leads  to  a  horizontal  pres¬ 
sure  gradient  from  trough  to  cre3t  which  in  a  non-tilting  vave  would  in¬ 
crease  with  height.  In  the  extreme  case  of  an  adiabatic  lapse  rate  there 
would,  of  course,  be  no  temperature  difference  and  hence  no  hydrostatic 
pressure  gradient  from  trough  to  crest.  Near  an  inversion,  on  the  other 
hand,  such  as  is  generally  found  in  the  roll  cloud  zone,  the  temperature 
difference  from  trough  to  crest  is  often  of  the  order  of  lO^C.  At  the  in¬ 
flection  points  in  the  flow  the  hydrostatic  pressures,  temperatures,  and  D 
values  should  be  representative  of  the  mean  or  undisturbed  flow. 

Examining  next  the  vertical  acceleration  term  of  equation  (4),  it  is  seen 
that  the  vertical  accelerations  ir.  steady  flow  are  greatest  in  the  troughs 
end  crests.  The  vertical  centrifugal  accelerations  which  are  positive  at 
the  trough  and  negative  at  the  crest,  tend  to  make  the  air  "heavier"  at  the 
trough  and  "lighter"  at  the  crest  and  thus  act  to  reduce  the  horizontal 
hydrostatic  pressure  gradients  in  lee  waves.*  " 

Integrating  equation  (1)  along  a  constant  level,  one  gets  an 
equation  relating  the  horizontal  variation  of  pressure  to  the  corresponding 
horizontal  wind  speed  variation: 


(5)  S*1  p  u  **/*  <**  »  p  u  (uXl  -  U^) 

vhlch  states  that  the  horizontal  wind  speed  increases  in  the  direction  of 
the  horizontal  pressure  gradient  and  by  an  amount  proportional  to  the  mag¬ 
nitude  of  the  pressure  difference. 

The  following  four  examples  taken  from  the  1951-2  cross  sections 
illustrated  the  pressure  fields  in  lee  waves. 


Example  1,  D  value 3  and  horizontal  wind  speed  variations.  At  the  300 
mb  level  in  the  lee  vave  cross  section  of  16  February  1^52  ('Fig.  3.26  and 
Table  3<1)>  the  measured  I)  values  were  lowest  in  the  crest  and  highest  in 
the  troughs.  This  relationship  is  in  general  agreement  with  the  observed 
acceleration  of  the  wind  from  trough  to  crest  and  invites  a  computational 
check.  Since  the  U  field  is  more  accurately  measured,  vc  can  compute  from 
equation  (5)  above  the  horizontal  pressure  gradient  required  for  the 


*hfcis  is  not  surprising,  since  it  is  the  balance  betveeo  hydrostatic 
and  hydrodynamic  forces  which  determines  the  flow  characteristics. 
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observed  acceleration  of  U.  With  reference  to  Sable  3.1: 
p  *  0.1*7  (10"3)  too  «”3, 


U  -  26  a  «-l. 


4U  -  ♦  10  n  s"1  from  1st  trough  to  lee  crest  and  -  10  a  a”* 
from  1st  crest  to  2nd  trough. 


Then: 


p.  -  p,  *  -  P  U  A  U 

X1  0 


-  (0.47)  (10-3)  (26)  (t10) 

;  0.12  cb  -  ♦  1.2  ab 


At  the  300  wt  level  a  difference  in  pressure  of  1.2  ab  is  equivalent  to  a 
difference  in  D  of  about  90  ft  which,  consider  inf  the  degree  of  accuracy  ob¬ 
tainable  in  measuring  Z  and  ZTj,  it  in  rather  close  agreement  to  the  observed 

AD  s  of  -  120  ft  ftroR  1st  trough  to  1st  crest  and  4  80  ft  from  1st  crest  to 
2nd  trough. 


Sxaaplc  2,  comparison  between  observed  and  hydrostatic  P  values.  If 
one  considers  the  first  run  under  the  roll  cloud  an  Flight  20lA,  14  #5bruary 
1952  (Fig.  3.26)  and,  for  the  points  cited  in  Table  3.1  and  the  contemporary 
surface  data  frac  the  (t,x' )-oections  (Figs,  4.1  and  4.3),  computes  their 

altitudes  hydrostatic  all:-,  tlie  following  results  are  obtained  (there  are  no 
Measurements  froa  the  troughs): 


Time 

Z 

D 

D  (hydrostatic) 

POT 

Position 

ft 

ft 

ft 

1217 

Downdraft 

12,560 

-  55 

(+ 100) 

1220 

Crest 

10,850 

0 

(♦  20) 

1223 

Updraft 

11,180 

-  110 

(  0  ) 

1224 

Updraft 

13,330 

-  ko 

(+  60) 

The  absolute  differences  should  not  be  coopered  because  of  possible 
absolute  errors  in  T,  Zp,  and  Z  neasureaoats;  rather,  it  la  the  relative 

differences  within  the  two  sets  of  C  values  that  pertain  to  this  discussion. 

In  the  hydrostatic  D  field,  the  velue  of  ♦  20  ft  at  the  crest  is  a  near 
Minima  with  respect  to  poiuts  on  either  side.  Since  we  are  computing  from 
the  ground  upward,  this  result  is  in  agrees snt  with  the  expectation  of  coldest 
■Man  t«eq>eratures  and  lerrest  hydrostatic  helots  of  pressure  surface*  in  a 
non- tilting  crest.  In  contrast  to  the  hydrostatic  P  field,  tbs  D  values 
Measured  directly  froa  Z  and  Zp  show  a  relative  maxlmm  at  the  crest  line. 

The  conclusion  suggested  is  that,  in  this  case,  the  effect  of  the  assn 
centrifugal  acceleration  at  the  crest  line,  within  the  layer  between  the 
ground  end  the  points  cited,  acted  in  opposition  to  the  hydrostatic  effect 
and  thereby  reversed  the  pressure  gradient  between  van  trough  and  cold 
crest. 
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Bxaaple  3.  the  D  field  in  the  vertical  plant.  In  order  to  assess  the 
Magnitude  or  the  hydrostatic  and  non- hydrostatic  contribution*  to  the  pressure 
field  in  e  strong  lee  wave,  computations  were  performed  on  the  date  from  the 
case  of  18  iiarch  1952  treated  earlier  in  Chapter  4.  Using  the  9  field  an* 
alyzed  from  the  neteorograa  at  0800  PST  (Tig,  4.16)  and  the  surface  pressures 
at  the  saw  tine  (Pig.  4.17),  several  soundings  along  x'  were  plotted  and  the 
D  values  in  the  vertical  plane  were  computed;  the  resultant  analysis  is  shown 
In  Pig,  9.2.  Comparing  this  0  pattern  vith  the  9  pattern  of  Pig.  4.l6,  one 
stes  tlmt  the  hydrostatic  pressure  (D  value)  at  levels  between  700 

and  500  mb  is  found  In  the  trough  and  the  minima  hydrostatic  pressure  (D 
value)  is  found  at  the  crest  as  expected.  At  the  500  ab  level  the  hydrostatic 
D  gradient  from  the  trough  (‘/here  D  •  ♦  60  ft),  to  the  creet  (where  D  ■  -  210 
ft)  is  equivalent  to  >270  ft  (*5*8  mb)  in  30,000  ft  (9  ka)  horizontal  distance. 

Although  no  vlnds  were  measured  on  the  aeteorograa  flight  of  16  March, 

It  is  possible  to  estimate  the  values  of  U  froei  the  Bishop  pibal  (Pig.  4.13) 
and  the  values  of  v  from  the  up- and  downdrafts  encountered  by  both  the 
powered  aircraft  end  the  sailplane.  The  vave  length  and  density  distribution 
are  known  Area  the  analyzed  9  field.  Considering  now  just  the  vertical  ac¬ 
celeration  (centrifugal)  ten.-1,  in  equation  (4),  the  following  conservative  val¬ 
ues  apply  to  the  layer  betireen  TOO  wad  500  ab: 

P  •  0.765  (10”3)  ton  n~3  at  the  trough  and 
0.014  (10" 3)  ton  cf  3  at  the  crest 

U  «  30  u  «-- 

w^  »  t  3,000  ft  ain’1  »  16  a  s’1  at  inflection  points 

L  .  16  ka 

to  m  2,606  n  at  the  trough  and  2,521  a  at  the  crest 

Letting  Ap  -/  50  p  U  v  2VL”1  At,  w«  get 
270  ^ 

at  the  trough  Ap  -  ♦  (0.705)  (10-3)  (30)  (16)  (2«)  (l/l6)  (10"3)(2,6o6) 

■  +0.39  cb  *  ♦  3.9  mb 

.  at  the  creet  Ap  -  -  (0.8l4)  (10’3)  (30)  (l6)(2*)(l/l6)(10-3)(2,52i) 

■  -  0.39  cb  *  -  3.9  tab 


At  the  middle  of  this  layer,  near  jOC  sib,  Ap  of  3»9  ab  corresponds  to 
approximately  150  ft  in  AZp.  Thus.  the  thickness  of  the  7 00  to  500  ah  layer 
increases  from  trough  to  crest  by  about  300  ft  ( AD  ■  +  300  ft)  die  to 
centrifugal  forces  only.*  ilov,  In  the  hydrostatic  D  field  (Pig.  9*2), 


« 

One  could  now  recompute  Ay  usinj  corrected  values  of  A-  but  this  refine¬ 
ment  would  still,  result  ir.  a  relative  correction  of  300  ft. 


Iff 


in  the  trough  fttQ  -  D rn  «  ♦  60  *(-$0)  -  ♦  110 
D^.  -  210  -(-120)  -  -  90  ft.  Thu*  the  thick 


ft  end  in  the  crest  Den  • 

>(-12o)  90  ft.  Tbusthe  thickness  of  the  layer  decreases 

trough  to  crest  by  200  ft  due  to  hydrostatic  effects  only 
(AD  »  -  200  ft)  and  sneers  to  be  overeaten s&ted  by  the  hydrodynsnlcsl 
effects  (AD  -  ♦  300  ft).  Ibis  result  is  in  agreenent  with  the  pattern 


of  viad  speeds  and  actual  P  values  asasured  in  the  lower  troposphere  of  the 
strong  lee  wve  of  l£  February  1952  as  shown  in  Table  3*1.  and  in  Sxasple  2 
above. 


t»— pit  4,  the  pressure  field  across  the.  Sierra.  If  one  considers 
the  potenilal  taeperature  cross  section  over  the  Sierra  at  1000  FST  on  18 
Dec  aether  1951  (Fig.  3.11)  and  conputes  hydrostatic  pressure-height  values 
along  the  verticals  shove  1C  (through  the  trough)  sad  M  (through  the  crest), 
the  following  results  are  obtained  for  comparison  with  the  radiosonde  data 


at  LP: 
P 


(■b) 

LP  (6,760  ft) 

(Uindward  slope) 

Sfc 

+  210 

800 

+  240 

700 

♦  220 

6oo 

+  230 

500 

+  270 

400 

+  360 

300 

Hydrostatic  D  (ft) 

K  (6,166  ft) 

K  (3,630  ft) 

(Lee  trough) 

(Lee  crest) 

- 

80 

-  40 

m 

80 

-  TO 

90 

40 

-  no 

♦ 

80 

-  150 

♦ 

250 

-  170 

+ 

470 

-  100 

■f 

560 

0 

Fran  this  table  it  can  be  seen  that  the  hydrostatic  pressure  gradient 
(difference  in  D  value)  across  the  Sierra  is  greatest  at  the  surface  and 
decreases  with  height,  apparently’  reversing  itself  slightly  above  500  ab. 

On  the  other  bend,  the  difference  in  D  value  firen  trough  to  crest  Is  least 
near  the  surface  and  the  hydrostatic  gradient  of  p  fren  trough  to  crest 
increases  with  height. 

To  obtain  a  rough  estimate  of  the  total  effect  of  the  vertical  accelera¬ 
tions  of  the  streamline  field  in  the  layer  fren  800  to  300  ab,  and  recalling 
the  large  vertical  speeds  encountered  by  aircraft  on  that  day,  the  following 
calculation  is  node: 


ftp  «  i  p  U  2VL"1  An 

-  ±  (O.V5)(10'3)(30)(10)(2«)(1,15)(10"3)(7,200) 


*  0.64  cb  =  *  C.k  mb 


m 


At  300  ab,  6.4  mb  corresponds  to  475  ft  In  D  but  in  applying  this 
ip  to  the  entire  layer  one  oust  use  the  average  height  difference  or  that 
for  about  500  ab  vhlch  Is  320  ft.  Subtracting  320  ft  ftrcm  the  faydrostatia 
height  of  the  300  ah  surface  over  1C  (trough)  and  adding  320  ft  to  the  fay* 
dr o static  height  of  the  300  ah  surface  over  N  (crest),  it  can  be  seen  that 
the  total  difference  of  640  ft  nearly  equals  the  fictitious  hydrostatic 
gradient  of  660  ft  from  trough  to  crest  at  tha  300  A  level.  The  aaae 
argument  holds  for  any  other  layer  and  leobarle  surface  in  the  lee  vave. 
Again  ve  find  the  compensation  betvaen  hydrostatic  and  hydrodynamic  pres* 
lures. 


Palm  (1955)  computed  the  pressure  field  due  to  resonance  vaves  and 
found  a  nodal  surface  near  the  level  of  maxi  asm  streamline  amplitude;  above 
that  level  there  was  a  pressure  gradient  from  trough  to  crest  but  at  tha  sur¬ 
face  the  lowest  pressure  was  under  the  trough  and  tha  highest  pressure  was 
under  tha  crest.  The  observations  of  16  February  19 52  (Examples  1.  and  2. 
above)  and  18  March  1932  (Example  3«  above  and  Fig.  4.1o)  arc  In  agreement 
with  Fein's  theoretical  model. 


Altimeter  errors  and  aircraft  flights  over  noun talas. 


One  of  the  most  dramatic  myths  about  the  Sierra  Wave  la  that  concern¬ 
ing  large  altimeter  errors  of  the  order  of  1,000  or  even  2,000  feet  associ¬ 
ated  with  the  disturbed  sir  flov  rear  the  noun tains.  The  alleged  facts, 
widely  circulated  and  widely  believed,  are  baaed  upon  the  stories  of  pilots 
who  have  flown  in  strong  mountain  waves  end  who  have  indeed  noted  significant 
differences  between  their  altimeter  reading  and  chair  apparent  altitude. 
Without  doubting  the  honesty  of  tneae  man— but  with,  perhaps,  a  vink  at 
their  enviable  ability  to  spin  e  good  yarn  before  a  credulous  audience— 
project  experience  suggests  that  these  "errors"  are  either  real  instrumental 
or  principle  errors  or,  in  some  cases,  discrepancies  caused  by  optical  il¬ 
lusion.  Listed  in  order  of  Importance,  reported  altimeter  errors  in  the 
Sierra  Wave  may  be  due  to  any  of  the  following: 

1.  Large  principle  errors,  particularly  in  air  much  colder  than  the 
Standard  Atmosphere  end  with  an  altimeter  setting  that  is  too  high  for  tha 
region.  In  Table  9*1  the  maximum  altimeter  correction  at  an  altitude  of 
15,000  ft,  near  the  crest  of  the  Sierra,  is  of  the  order  of  1.000  ft,  half 
of  which  it  density  error.  Pressure  datum  (altimeter  setting)  errors, 
generally  minimised  by  experienced  pilots,  become  Important  where  surface 
pressure  falls  rapidly  during  a  flight.  (See  examples  2.  and  3*  at  tha  and 
of  the  section  on  the  pressure  altimeter  in  this  chapter.) 

2.  A  combination  of  large  Instrument  errors— particularly  diapbraga 
and  hysteresis  errors— In  the  altimeter  used  end  operational  errors,  includ¬ 
ing  static  system.  (See  Table  9*1  and  example  1.  of  the  first  section  of 
this  chapter.) 

3.  An  upwind  approach  to  the  Sierra  in  which  the  pilot  glancss  at 
his  altimeter  when  near  the  trough  of  the  wave  Just  prior  to  encountering 
a  3.000  or  4,000  ft  per  air.  downdraft,  and  one  minute  later  finds  the 
aircraft  approaching  the  mountain  side  at  an  altitude  obviously  3,000  or 
4,000  feet  lower  than  intended.  (If  he  were  not  so  busy  at  the  Instant  of 


'•onprAc.-ndi  lg  this  da-ger  and  Lad  tlae  to  look  at  his  alulac-ter,  it  would, 
in  all  probability,  verify  the  unpleasant  fact.) 

4.  An  optical  illusion  caused  by  either  the  lack  of  a  level 
horizon  when  flying  under  clouds  in  mountainous  terrain  or  by  a  loaning 
effect  caused  by  refraction  of  light  by  a  temperature  inversion  near  the 
level  of  the  mountain  crest. 

As  for  errors  caused  by  the  vertical  accelerations  in  the  lee  vave, 
the  'ocputations  and  measurements  indicate  that  these  effects  are  scalier 
than  the  hysteresis  errors  and  are  therefore  generally  undetectable.  It 
should  be  pointed  out  that  in  the  non- steady  flov  of  certain  strong  aount|i 
waves,  there  are  probably  large  vertical  accelerations  of  short  duration, 
but  In  such  instances  the  associated  turbulence  is  by  far  the  greater 
hazard  and  concern  over  the  slight  effect  on  the  altimeter  reading  is  ir¬ 
relevant. 

The  "one  minute  later  effect"  (3.  above)  may  be  the  real  Lorelei  of 
the  mountain  wave  for  pilots.  Often  the  downdraft  is  so  smooth  as  to  be 
hardly  perceptible  if  one  vere  not  watching  either  instruments  or  terrain; 
the  aircraft  is  simply  pushed  rapidly  and  steadily  toward  the  ground.  The 
strong  downdraft  coincides  with  strong  horizontal  wind  speeds,  which  means 
that  a  lee  wave  vith  a  downdraft  of  4,000  ft  per  min  nay  have  four  times 
the  effect  as  one  vith  a  doimdraft  of  2,000  ft  per  mlr.  on  an  aircraft 
flying  upwind,  since  it  will  require  twice  as  nuch  tine  to  traverse  the 
dangerous  area.  Also,  the  total  loss  of  altitude  will  be  even  greater  if 
the  aircraft  approaches  the  mountain  .  -?e  obliquely  and  will  be  at  a 

maximum  when  flying  parallel  to  the  rang.,  along  the  downdraft  area.  The 
result  of  a  minute's  Inattention  and  reliance  on  the  automatic  pilot  in 
such  conditions  can  be  as  catastrophic  as  falling  asleep  while  driving 
an  automobile. 
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It  is  well  known  aaoug  slider  pilots  that  a  coa-ilnat  ion  of  severe 
-.urbulence  is  certain  f'ov  sejtlor.s  with  '.uu'c-aJ  ssoct.jr.esi:  in  others  Is 
typical  of  the  mountain  wave*  In  general,  the  distributior  of  these  flow 
refines  is  aads  visible  in  the  cloud  formations;  the  cumulus  or  fracto- 
naulus  type  roll  clouds  representing  the  lower  turbulent  layer,  the  lenticular 
type  altocwulus  or  cirrus  clouds  depicting  the  snooth  upper  wave  flow.  Oc¬ 
casional  Jy,  but  quite  rarely,  a  high  layer  of  slight  to  severe  turbulence 
has  bean  found  in  the  neighborhood  of  the  tropopausa.  A  esse  of  this  sort 
of  high  level  turbulence  is  described  below*  The  wore  typical  arrang— snt 
is  as  follows: 


Lower  turbulence  sons 

The  snooth  wave  flow  of  the  upper  troposphere  "rests"  on  a  turbulent 
air  naas  originating  downwind  of  the  noun  tain  range  close  to  the  ground  and 
probably  directly  connected  with  the  stable*  air  mens  fa  ling  fron  the  "cap 
cloud"  ("fohn  nauer"  over  the  noun  tain  crests)  down  the  -ee  slope.  The 
"cloud  fall"  which  sakes  thic  gravitational  descant  lnpr-sr>lvely  visible  is 
not  always  present,  depending  on  the  hunldity  conditions.  Its  smooth  con¬ 
tours  are  deceiving.  It  has  bean  found  impossible  to  control  an  aircraft 
venturing  Into  this  flow.  In  view  of  the  hazards  connected  with  the  turbulent 
low  level  flow,  very  little  is  known  on  details  of  the  flow  characteristics 
close  to  and  below  the  Mountain  crests.  A  few  miles  farther  downwind,  the 
so-called  "rotor  flow"  has  been  better  explored,  and  it  is  there  where 
■oat  encounters  with  severe  turbulence  have  been  nade. 

As  discus* n  an  earlier  section, the  "rotor  flaw"  owes  its  none  to 
the  fact  that  winds  in  its  lower  ports  are  eithnr  weak  or  reversed.  This, 
however,  is  only  an  average  statement.  A  s tramline  flow  does  not  seen  to 
exist  in  the  rotor  area.  Tha  air  ease  under  and  in  the  roll  cloud  Is  in  a 
state  of  continuous  adzing,  the  highest  degrse  of  turbulence  being  encountered 
at  the  lending  edge  of  the  roll  cloud  at  about  the  level  of  tha  mountain 
crests. 


Unfortunately,  moat  of  tha  glider  tows  have  to  penetrate  vgwlnd  through 
the  rotor  flow  in  order  to  reach  the  wave  vgdraft  ahead  of  the  roll  cloud, 
putting  an  enormous  strain  on  squlpnant  and  crews.  Mich  involuntary  ex¬ 
perience  has  bean  collected  in  this  way  on  tha  characteristics  and  mag¬ 
nitude  of  turbulence  under  and  ahead  of  tha  main  roll  cloud  whose  base  in 
the  Sierra  Sevada  is  generally  found  at  crest  level  (b  kn  t  1  km)  and  whose 
tope  vary  firan  5  to  7  kn  with  an  observed  marl—  of  9  kn  (30,000  ft). 

Thn  type  of  turbulence  eaoountsred  in  the  rotor  flow  differs  from  that 


\te  air  aass  is  "stable"  in  the  sense  that  it  is  generally  covered  by  a 
■ore  or  lass  thin  boundary  layer  of  great  potential  stability,  vhiln  in¬ 
ternally,  the  air  aass  may  be  unstratlfled  due  to  r  ixlng. 


of  tb«xml  convection  and  is  best  dsscrlbad  by  tbs  following  excerpt  of  flight 
report  2007  fro*  18  December  1951  by  L.  Edgar,  restarcb  pilot  of  tbs  Mountain 
Wavs  Project  In  sailplane  P-R: 

The  turbulence  became  Mora  severe  as  we  progressed  under  the  roll 
cloud.  It  was  not  possible  to  keep  the  sailplane  in  level  flight 
attitude  even  with  full  controls  being  applied.  The  magnitude  of 
the  vertical  change  of  the  position  between  the  two  aircraft  was 
very  great.  The  rate  at  which  these  changes  occurred  was  a— ring. 

Too,  tne  distances  between  the  two  aircraft  would  change  with  no 
apparent  change  in  speed  or  attitude.  The  towplane  would  suddenly 
loo*  larger  and  we  would  be  rapidly  overtaking  it  with  the  sail¬ 
plane. 


This  became  quite  disconcerting  as  on  one  occasion,  when  we  had 
overtaken  the  towplane,  the  BT  raised  very  suddenly  and  turned  a 
little  across  our  path.  We  were  now  looking  up  at  the  towplane  at 
shout  a  25  or  30  degree  angle  with  a  large  loop  of  slack  tow  line 
coning  toward  the  sailplane.  The  rope  csjm  back  across  the  top  of 
the  left  wing,  over  the  canopy  and  then  the  right  wing. 

Before  I  could  release,  the  rope  wts  yanked  off  the  top  of  the 
sailplane.  TCie  slack  was  then  taken  out  of  the  line  and  there  ap¬ 
peared  to  be  no  damage  done. 

We  released  under  the  roll  cloud  when  the  tow  plane  dropped, 
pitched  forward  and  disappeared  fro*  sight.  The  release  was  made 
before  the  tov  rope  could  becaae  tight  and  Jerk  the  nose  of  the 
sailplane.  The  time  was  14:48  and  altitude  11,000  feet.  The  max¬ 
ima  accelerometer  readings  on  tov  were  found  under  the  roll  cloud 
with  a  «  +5  and  -2  G. 

The  towplane  casw  along  beside  us.  To  have  the  towplane  flying 
beside  us  off  to  our  right,  really  gave  us  a  picture  as  to  what  was 
going  on.  We  would  suddenly  rise  and  the  tow  plane  would  drop  out 
of  sight.  Soon  the  towplane  would  com*  back  up  and  we  would  be  on 
our  way  down.  It  reminded  me  of  two  elevators  operating  side  by 
side. 

Most  characteristic  for  this  type  of  turbulence  are  the  horizontal  gusts. 
They  affect  the  aircraft's  airspeed  in  a  disturbing  v^r,  quite  different  firo* 
the  well  known  convective  turbulence.  This  is,  however,  not  surprising  since 
the  rotor  flow  is  always  connected  with  strong  horizontal  winds  approaching  Jet 
strea*  conditions.  Maximal  vertical  accelerations  during  tov  in  the  rotor 
tone,  ae  read  fro*  the  sailplane's  acccleroaeter  exceeded  7  0,  a  value  not 
very  reliable  in  view  of  possible  over-shooting  of  the  instrument  needle. 

A  more  accurate  record  of  rotor  turbulence  has  been  obtained  by  the 
flight  analyzer  of  the  B-29  during  the  Joint  operation  of  the  Jet  Stream  and 
Mountain  Wave  Projects  in  1955.  The  case  in  question  (l  April)  was  a  powerful 
mountain  wave  with  average  turbulence  in  the  lover  levels.  The  aircraft  was 
circling  over  Bishop  about  15  miles  dovnvlnd  of  the  Sierra  crest  at  5.3  km 
high  In  the  general  area  of  the  rotor  zone.  As  fig.  10.1  reveals,  vertical  gust 
velocities  of  30ft/sec  (or  more)  occurred  13  times  vithin  50  seconds,  the 
maximum  being  69  ft/sec  negative.  These  are  derived  gust  velocities  according 
to  the  present  BACA  formula  which  takes  gust  gradients  (rather  than  sharp  edge 


o 
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gusts)  Into  account. 

While  these  surprisingly  high  values  represent  only  the  averafe  con¬ 
ditions  to  he  found  beneath  nountain  waves,  a  certain  critical  arrangenent 
of  the  rotor  flow  (which  is,  fortunately,  rare)  display:  a  turbulence  of 
destructive  nagnitude.  It  can  be  recompiled  by  the  following  character¬ 
istics: 

(1)  Roll  cloud:  Deep  with  tope  unusually  high,  exceeding  con¬ 
siderably  the  tops  of  the  cap  cloud  mar  the  noun  tains,  [in  the 
Sierra  levada  30,000  ft  (9  ka)  have  been  observed. ) 

(2)  leading  edge  of  the  rotor  cloud  system:  Unusually  far  downwind. 
(In  the  Sierra  Nevada  15  alias  distance  free  the  create  have 
bean  observed. ) 

(3)  Burr  leans  force  surface  winds  between  aountain  range  and  rotor 
zone  carrying  dust  into  the  roll  cloud. 

(4)  Straight  leading  edge  of  the  roll  cloud  not  following  the  bends 
of  the  aountain  range  end  greet  lateral  extension.  (In  the 
Sierra  Nevada  ro_l  clouds  of  acre  than  150  nll>  *  lateral  exten¬ 
sion  have  bean  observed.) 

(5)  Rotor  cloud  extending  far  downwind  without  periodicity. 

(6)  Turbulence  concentrated  in  anil  cloud  puffs  ahead  of  the  roll 
cloud's  leading  edge. 

Shea#  oooditioae  were  fulfilled,  for  enable,  on  25  April  1955  when 
both  project  gliders  ran  into  excessive  turbulence  between  13,000  and  14,000 
feet  while  penetrating  the  described  anzll  cloud  puffa  at  the  leading  edge  of 
the  roll  cloud.  Over  the  town  of  Bishop  horizontal  gusts  of  about  90  ft/sac 
were  nsseured  while  5  nllee  farther  south  the  project  glider  M  (designed 
far  10  1/2  0)  was  destroyed  by  got<  set  lasted  at  ISO  ft/sac.  Snoerpts  of 
the  two  flight  reports  nay  illustrate  this  eagerlaaoe: 

fra  flight  report  #5015  A,  J.  Kuettmr  la  Sehwnlsor  2-25  sailplane: 

After  e  plus  bo,-  30  eeoeleretloe  I  triad  to  take  spaed  hack 
to  45  nph,  hut  in  spite  of  the  "noee  up  attitude’*  speed  in¬ 
creased  rapidly  to  oO  ^h  and  turbuleoee  he  cane  so  severe  that 
I  lost  control.  Shis  hagpeaed  whan  snail  cloud  puffs  famed 
•round  ay  ship  in  front  of  the  aala  roll  cloud.  I  had  no 
other  ohoiee  then  to  penetrate  between  than  while  tryl^  to 
descend  below  the  base  of  the  ht^e  roll  aloud. 

After  eaoounteriag  1000  ft/nia  down  and  160O  ft/nia  vg  la 
cloee  euooeeelon,  a  second  cloud  puff  gnro  ae  an  even  worse 
eager  lens  ■  and  the  speed,  duo  to  a  has  tionial  gust,  eneeeded 
90  agh,  none  up,  with  aa  aaoalsratioa  of  the  ordar  of  40.  The 
aircraft  loot  control  dun  to  a  "high  apaed  stall," 

fra  flight  report  #5015  1,  L.  Npr  in  Pratt-Read  sailplane: 

She  flight  path  went  into  the  very  top  of  the  little  cloud 
puff.  It  aeened  to  swell  up  before  the  none  in  the  last  meant. 
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I  looked  at  the  needle  and  ball.  Suddenly  and  instantaneously  the 
needle  vent  off  center.  I  folloved  with  correction  but  it  swung 
violently  the  other  way.  The  shearing  action  vas  terrific.  I  was 
forced  sidevayc  In  ay  seat,  first  to  the  left,  then  to  the  right. 

At  the  came  tire  when  this  shearing  force  slioved  me  to  the  right,  a 
fantastic  positive  0  load,  shoved  ae  down  Into  the  scat.  This  positive 
load  continued.  Just  as  I  vas  blacking  out,  it  felt  like  a  violent 
roll  to  the  left  with  a  loud  explosion  folloved  instantaneously  vith 
a  violent  negative  G  load. 

I  vas  unable  to  see  after  blacking  out  from  the  positive  G  load. 
However,  I  vas  conscious  and  I  felt  ay  head  hit  ti*e  canopy  vith  the 
negative  load.  There  vns  a  lot  of  noise  and  I  felt  like  Z  vas 
taking  quite  a  beating  at  this  time.  I  vas  too  stunned  to  make  any 
attempt  to  bail  out. 

Just  as  suddenly  as  all  of  this  violence  started,  it  be care  quiet 
except  for  the  sound  of  the  wind  whistling  by.  I  felt  I  vas  falling 
free  of  all  wreckage  except  southing  holding  both  feet. 

It  is  unlikely  that  aircraft  can  be  designed  strong  enough  to  withstand 
these  excessive  loads.  Like  boats  staying  away  from  the  riiognra  Falls,  the 
remedy  for  aircraft  it  to  avoid  flights  into  the  rotor  tone  when  the  critical 
signals  are  up. 


Upper  turbulence  tone 

It  has  benn  mentioned  above  that  the  air  flow  in  the  mountain  wave  above 
the  rotor  flow  is  laminar  and  exceptionally  smooth.  This  is  generally  true  for 
altitudes  as  high  as  the  lover  stratosphere,  freq^iently,  the  tropopause  is  per¬ 
ceptible  by  a  very  slight  rocking  motion  of  the  sailplane  resembling  a  boat 
drifting  in  a  light  sum er  breeze. 

Occasionally,  however,  severe  turbulence  is  again  encountered  at  levels 
above  10  Ion.  This  is  especially  true  if  the  jet  stream  core  is  close  and  the 
temperature  sounding  shows  the  typical  gradual  transition  between  tropospheric 
and  stratospheric  lapse  rate  (Fig.  10.2).  It  is  not  clear  at  the  present  tine 
what  the  mechanism  of  this  turbulence  is  and  whether  or  not  the  strongly 
negative  vertical  shear  gradient  on  top  of  the  Jet  stream  core  is  involved. 

An  example  may  illustrate  this  phenomenon. 

On  18  December  195 1  &  strong  mountain  wave  allowed  the  sailplanes  to  reach 
42,000  feet.  The  vertical  temperature  and  wind  soundings  (Figs.  10.2  snd  10. j)  In¬ 
dicate  the  closeness  of  the  jet  stream  core  with  winds  reaching  125  knots  at 
40,000  ft.  In  the  stable  transition  layer  between  troposphere  and  stratosphere 
extending  roughly  from  33,000  to  33,000  ft  (10  to  11.5  las)  turbulence  of  un¬ 
usual  features  and  magnitude  vas  encountered.  Fig.  10.4  shows  the  vertical 
motions  of  air  within  3  minutes  of  flight  tine  (lower  diagram).  Up  and  down- 
currents  of  3,000  to  4,000  ft/nir.  alternate  in  close  succession  reaching  at  one 
point  a  total  amplitude  of  7,000  ft  min  (35n/sec)  within  5  seconds*  of  flight 


ft 

These  are  carefully  evaluated  mean  values  over  several  seconds  and  are  not 
to  be  interpreted  in  terms  of  accelerations  which,  generally,  cover  shorter 
intervals  and  cannot  be  evaluated  from  altitude  records. 
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tine.  The  corresponding  altitude  (center  curve)  is  close  to  37,000  ft. 
That  it  is  ispossible  to  keep  airspeed  constant  under  such  conditions  is 
evident  from  the  record  of  the  P-R  sailplane  (upper  curve),  the  variations 
reachlijg  30  knots.  In  agreement  vith  the  pilot's  impression,  the  diagram 
seems  to  Indicate  the  existence  of  very  large  eddies  or  turbulence  elements 
which,  if  drifting  in  the  wind,  should  have  a  characteristic  six*  of  about 
2  tan  (or  40  seconds  flight  time).  Maxima  indicated  accelerations  were 
+J+G/-2G.  The  corresponding  (true)  "derived  gust  velocities"  again  exceed 
100  ft/sec.  Height  and  structure  of  this  type  of  turbulence  say  represent 
a  serious  tuuard  to  modem  aircraft  which  cross  mountain  ranges  close  to 
the  Jet  stream  core  and  the  tropopause.  lot  enough  experience  has  been 
collected  so  far  to  allow  a  generalisation  of  this  observation. 


Mote:  The  sailplane's  flight  characteristics  are:  Wingloading:  50  lbs/ sq  ft 

Aspect  ratio:  13 
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11.  FLIGHT  HAZARDS  OF  THE  IBUflAIH  HAVE 
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It  oust  te  clear  by  no v  that  the  combined  phenouer.on  of  wave  and 
rotor  flov  present*  serious  hazards  to  aviation.  In  the  order  of  severity 
these  hazards  are: 

a.  Downdrafts 

b.  Turbulence 

c.  Local  change  of  upper  winds 

d.  Altimeter  errors 

While  each  of  these  flov  characteristics  has  been  discussed  at  sore  point 
in  this  report,  a  separate  treatment  from  a  pilot's  viewpoint  appears  ap¬ 
propriate.  The  his torj'  of  aviation  Is  replete  vith  disasters  of  aircraft 
in  aountainous  terrain.  Ikuay  of  these  accidents  have  been  listed  a* 
"pilot’s  error"  for  lack  of  better  explanation.  The  acre  probable  Inter¬ 
pretation  is  that  the  relatively  rare  caae  of  a  very  powerful  noun  tain  wave 
has  been  encountered  by  an  experienced  pilot  for  the  first  (end  last)  time. 

The  significance  of  the  four  hazards  listed  above  will  now  be  dis¬ 
cussed,  first  separately,  then  in  their  critical  eodbinatinn. 

a.  Downdrafts 

The  sore  important  locations  of  severe  downdrafts  are  over  the  lee 
slope  of  the  mountain  range  and  an  the  dovmrlnd  aide  of  the  rotor  cloud 
(Fig.  3-28).  They  are  separated  by  an  area  of  strong  updrafts  near  the 
leading  edge  of  the  roll  cloud,  The  two  main  downdrafts  are  about  3  to 
10  miles  apart.  Here,  2,000  ft/mln  down  are  rmther  usual  variometer  read¬ 
ings  while  in  severe  cases  3.000  to  3.000  ft /min  have  been  observed, 

1%ese  high  values  are  centered  around  the  height  of  the  noun  tain  crests. 
Very  few  airplanes  can  match  such  downdrafts  vith  full  power.  Any  length 
of  time  spent  in  the  vide  downdraft  areas  will  inevitably  bring  the  aircraft 
down  into  the  layer  of  severe  turbulence  (See  b.)  and  into  close  proximity 
to  the  mountains.  This  Is  especially  true  if  airspeed  is  kept  constant. 

Things  are  not  less  critical  if  the  pilot  tries  to  remain  an  the 
assigned  flight  level  or  if  the  aircraft  is  on  altitude  controlled  auto¬ 
pilot.  Fig.  6.13  shows  on  attempt  of  the  Jet  Stream  Project’s  B-29  to 
traverse  the  powerful  mountain  wave  of  1  April  1933  at  20,000  ft  (-6km) 
against  headwinds.  Intentionally,  the  pilot,  Capt.  Dowd,  did  not  change 
throttle  settings  and  the  ai.xopilot  corrected  automatically  far  loss  of 
altitude  by  change  of  attitude.  As  a  consequence,  the  aircraft  lost  speed 
at  a  dangerous  rate  and  approached  stalling.  Ibis  occurred  in  the  very 
smooth  \rave  flov  where  such  happenings  may  go  unnoticed.  Actually,  the 
autopilot  was  not  able  to  keep  altitude  constant  and  over  300  feet  were 
lost  in  2  minutes.  Any  farther  loss  of  altitude  could  have  brought  the 
elovly- flying  aircraft  into  the  turbulent  rotor  zone  uh are  a  flight  with 
marginal  airspeed  may  become  critical.  In  this  particular  case  the  total 
variation  of  true  airspeed  amounted  to  about  120  knots,  part  of  which  Is, 
however,  due  to  a  rapid  variation  in  horizontal  wind  speed  (See  c. ). 
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•j.  Turbulence 

Chapter  10  ha*  dealt  with  this  aatter  Trent  a  meteorological  stand- 
/:  Int.  from  a  pilot's  outlook  it  la  important  to  realize  that  this  type  of 
clear  dr  turbulence  compares  vith  the  most  severe  in- cloud- turbulence 
•ncour  ;ered  in  thunder storms. 

At  the  present  tine,  the  specific  characteristics  of  air  flow  and 
~ynop  ic  ueat.ier  situation  causing  heavy  turbulence  are  not  '.fell  enough 
under  itood  to  permit  reliable  forecaste*  As  a  consequence,  the  pilot  must 
be  at  ire  of  islanding  danger  in  every  strong  mountain  wave.  Be  has  to  follow 
cert*  in  rules  which  will  be  dlocussed  st  the  end  of  this  chapter. 

As  described  in  the  foregoing  chapter  there  nay  be  two  distinct  layers 
of  t  rbulence  downwind  of  a  mountain  range  under  wave  conditions.  With  rare 
exceptions ,  the  lover  one  is  always  present  in  a  more  or  less  dangerous  fora, 
tea  ainx  from  the  ground  to  above  the  mountain  crest  level.  An  aircraft 
fly  ac  (according  to  present  c&fety  rules)  at  2,000  feet  above  mountain 
top  will,  in  the  majority  of  cases,  run  into  this  turbulence  zone  at  some 
pol  t  since  the  top  of  the  rotor  flow  exceeds  the  height  of  the  mountain  range 
coo  .iderably.  The  encounter  *rith  this  turbulence  1c  quite  sudden,  after 
mao  >th  flight,  end  if  passengers  have  not  fastened  jest  belts  in  tine,  there 
msj  be  injuries  aboard. 

Besides  this  discomfort  to  crcv  and  passengers,  control  of  the  air- 
ci  ift  in  instrument  flight  is  quite  difficult  and,  in  severe  cases,  lopos- 
ai  >lt.  Even  structural  failure  nay  rssult  as  indicated  by  the  accident 
d«  icrlbed  in  the  foregoing  chapter.  Vertical  end  horizontal  gusta  nay  com¬ 
bi  te  In  such  a  way  ae  to  cause  G  loads  beyond  the  ultimate  load  factor  This 
li  especially  true  if  a  high  speed  aircraft  flies  vith  tall  wind  into  the 
r>  11  cloud.  The  cases  of  excessive  turbulence  ere  rare  end  can  be  identified 
e  -  the  present  time  only  from  direct  observations  at  the  particular  locality. 

Some  of  the  visible  characteristics  are  described  in  the  foregoing 
cospter.  The  most  impressive  of  these  is  a  very  high  tap  of  the  stationary 
roll  cloud  (cumulus,  cveailus  congestus  or  frectoeusulus,  in  contrast  to  the 
raooth  upper  lenticular  clouds).  If  this  cloud  cannot  be  cleared  no  attempt 
should  be  made  to  cross  the  mountain  rang*  at  this  specific  point.  Some  air 
U tasters  have  been  definitely  Identified  with  an  attempt  of  the  pilot  to 
continue  flight  through  marked  roll  clouds  at  insufficient  height.  The  saf¬ 
est  flight  level  from  a  viewpoint  of  turbulence  is  about  25, (XX)  feet.  It 
should  be  realised  that  even  mountain  ranges  of  less  then  5,000  ft  height  may 
cause  a  dangerous  degree  of  turbulence. 

A  so-called  "dry  verve"  which  does  not  give  warnings  by  visible  cloud 
features  may  be  almost  as  critical  os  the  "obscured  wave"  which  is  hidden 
in  e  deep  overcast  possibly  containing  precipitation  and  icing. 

The  upper  level  of  turbulence  is  in  ell  probability  connected  with  the 
existence  of  a  Jet  stream  over  mountainous  terrain.  As  described  in  the 
foregoing  section,  this  type  of  turbulence  may,  in  rare  cases,  be  of  destruc¬ 
tive  farce,  reaching  vertical  and  horizontal  gusts  of  4,000  ft/  nln.  (8ee 
Fig.  10.4)  Flights  across  extended  mountain  ranges  close  to  the  Jet  streme 
core  end  the  tropopause  (that  Is,  oetween  30,000  and  45,000  ft)  tmve  a 
certain  chance  to  encounter  heavy  clear  air  turbulence.  The  usual  high 
level  turbulence  is  ecmatlnee  compared  to  cobblestone  driving;  this  specific 
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turbulence  "feels"  different,  namely,  like  riding  on  powerful  eddies  of 
a  alle  in  disaster.  Rot  enough  observations  exist  to  establish  reliable 
criteria  for  this  phenomenon  which,  however,  is  relatively  rare  can- 
pared  to  the  aforementioned  lov  level  turbulence.  Again  a  flight  level 
around  25,000  feet  ie  recctnendsd. 

c.  Local  variations  of  upper  level  winds. 

Strong,  but  gradual  changes  of  wind  directions  and  speed  have  been 
observed  over  horizontal  distances  of  10  alias  or  less.  They  nay  be  due 
to  a  vertical  variation  of  the  wave  pattern,  or  to  lateral  irregular¬ 
ities  of  the  noun  tain  range.  Thera  is  also  Indication  from  glider  flights 
that  a  jet- like  increase  of  wind  velocity  occurs  at  certain  levels  lseuerd 
of  noun  tain  ranges.  The  Implications  for  aviation  are  obvious: 

1.  Position  errors  usy  follow  from  the  erroneous  use  of  the  last 
wind  determination. 

2.  Prolonged  stay  In  down  ('raft  areas  due  to  excessive  head  winds 
nay  cause  rapid  loss  of  altitude. 

3.  The  airspeed  nsy  nrop  to  undesirable  alues  in  suddenly  dimin¬ 
ishing  head  : rinds. 

Position  errors  of  the  kind  sectioned  under  (1)  have  been  definitely 
responsible  for  let-downs  Into  maintain  peeks. 

Loss  of  ground  speed  In  downdraft  areas,  according  to  (2),  will 
bring  the  aircraft  down  into  close  proximity  to  the  noun  tain  range.  If 
the  wave  crests  tilt  upwind  with  height  (this  is  the  common  arrangement), 
strong  winds  will  coincide  ;rith  downdrafts. 

Loss  of  airspeed  according  to  (3)  nay  be  critical*  if  the  aircraft 
is  already  slowing  down  to  keep  altitude  in  downdraft  areas  (see  a.  of 
this  chapter).  The  curves  of  Fig,  11.3  give  a  acre  detailed  analysis  of 
the  airspeed  variations  depicted  in  Fig.  6.13.  Tha  aircraft  approaches 
the  Sierra  Nevada  from  right  to  left  (see  lover  cross  section)  at  20,000 
feet  against  headwinds  of  50  to  60  knots.  On  passing  Into  the  Owens 
Valley  the  winds  diminish  rapidly  (lowest  curve)  to  shout  20  knots  and  turn 
35  degrees  towards  the  right  (second  curve  free  bottom).  While  the  head¬ 
wind  component  drops  almost  HO  knots  in  less  than  2  minutes  of  flight 
time,  the  aircraft  begins  to  enter  downdrafts  of  over  1,000  ft/aia  (second 
curve  from  top)  slowing  down  further  through  the  action  of  the  autopilot. 
This  combined  effect  of  wind  decrease  and  downdrafts  causes  the  airspeed 
to  drop  over  100  knots  until  stalling  speed  is  almost  reached  (upper 
curve).  When  entering  the  updraft  portion  of  the  lee  wave  with  over 
1,500  ft/ain  up,  winds  increase  in  less  than  one  minute  of  flight  time 
by  35  knots  and  turn  rapidly  to  the  left.  This  combination  raises  the 
true  airspeed  shout  100  knots  in  one  ainute.  further  gain  is  counter¬ 
acted  by  another  rapid  drop  in  bead  winds,  but  the  total  variation  of 
true  airspeed  amounts  to  120  knots.  Although  the  nain  downdraft  over  the 
mountain  slope  with  1,500  ft/ain  vertical  velocy  is  subsequently  entered 
(second  and  third  curves  frock  top)  the  drop  in  airspeed  is  far  leas  than 


*The  adaptation  of  aodera  aircraft  to  horizontal  wind  variations  (in 
contrast  to  vertical  drafts)  is  very  slow. 


before  tinea  headwinds  increase  again  by  about  Uo  knots.  Also  toat  altitude 
reserve  had  been  gained  in  the  updraft  which  is  now  sacrificed,  thus  counter¬ 
acting  the  loss  in  airspeed.  In  this  particular  case  total  wind  variations 
reached  about  1*5  degrees  in  direction  and  40  knots  in  speed,  which  is  a 
large  fraction  of  the  undisturbed  wind  (60  knots)  at  this  level.  The  case 
is  probably  not  unusual,  but  it  is  the  first  tine  that  lee  winds  could  be 
recorded  and  reported  in  this  detail.  Since  there  is  sometimes  no  warning 
by  turbulence  of  the  rapid  changes  in  air  flow,  only  the  dials  on  the 
instrument  panel  and  the  slowly  changing  noise  of  the  engines  say  indicate 
to  a  pilot  that  soaethlng  unusual  is  happening.  Sudden  loss  of  control  aay 
easily  follow  free  such  a  situation. 

It  should  not  go  uaaentionad  that  a  pilot  crossing  oountainous  ter¬ 
rain  cannot  put  too  auch  faith  in  the  asasured  winds  supplied  to  hi*  by  the 
aeteorologlst.  It  is  Obvious  from  Pig.  11.1  that  a  ravin  or  plbel  released 
in  the  mountains  will  give  entirely  different  vind  values  depending  upon 
whether  it  crosses  a  given  level  5  or  10  miles  farther  downwind  from  the 
mountain  ranges. 

d.  Altimeter  errors. 

A  more  detailed  discussion  of  altimeter  error's  in  air  flow  over 
Mountains  is  found  in  Chapter  9«  A*  shown  there,  earlier  claims  that  alti¬ 
meter  errors  aay  reach  1,000  to  2,000  feet  in  certain  sections  of  the 
mountain  wave  have  not  been  confirmed  by  this  project's  flights.  However, 
it  ssuat  be  realised  that  in  the  maxinum  updraft  area  where  gliders  spend  most 
of  their  flight  time,  dynamic  pressure  deviations  are  expected  to  be  at  a 
minima. 

It  should  be  quite  clear  tc  the  pilot  that  the  "normal"  D- value 
(difference  between  true  altitude  and  the  pressure  altitude  triilch  is  in¬ 
dicated  by  the  altimeter,  based  on  the  standard  atmosphere)  is  not  a  special¬ 
ty  of  the  mountains  but  a  temperature  effect  of  the  air  mass  in  which  he  le 
flying  and  that  in  winterly  weather  his  altimeter  is  generally  indicating 
higher  than  the  aircraft  is  flying.  Tor  lack  of  comparison  this  may  not 
occur  to  him  until  he  is  faced  with  a  mountain  peak  of  a  given  altitude. 

This  is  not  the  type  of  altimeter  "error"  under  discussion.  It  is  comma 
knowledge  that  our  altimeters  art  measuring  pressure,  not  altitude. 

It  is  the  local  deviation  from  this  "normal"  D- value  which  may  be 
termed  "altimeter  error"  due  to  a  mountain  wave.  As  discussed  in  Chapter  9, 
this  pressure  disturbance  is  composed  of  static  and  dynamic  components;  the 
first  being  due  to  the  complicated  temperature  field  of  the  wave  pattern 
throughout  the  atmosphere,  the  other  due  to  inertia  forces  such  as  centrifu¬ 
gal  forces  on  a  curved  streamline.  Both  c  capon  sets  tend  to  compensate  each 
other  and  the  total  altimeter  error  in  a  mountain  wave  does  not  seem  to 
exceed  the  order  of  eeveral  hundred  feet.  This  has  to  be  added  (or  subtract¬ 
ed  according  to  the  sign)  to  the  "normal"  seasonal  D-value  and  aay,  in 
extreme  cases,  reach  a  maximum  total  of  1,000  feet,  the  major  part  of  which 
is  probably  not  due  to  the  lee  vave  but  to  the  air  usee  temperature. 

As  the  noun  tain  vave  is  a  winterly  phenomenon,  there  is  a  normal 
tendency  of  the  "seeao  lal"  and  the  "noun tain  error"  to  coincide.  my 

become  somewhat  critical  if  the  aircraft  has  bean  forced  down  in  a  strong 
downdraft.  If  visibility  is  restricted,  the  pilot  should  always  allow  for 
1,000  feet  total  deviation  from  his  altimeter  reading  vhec  crossing  a 


mountain  range  In  winterly  weather  with  high  winds. 

nevertheless  the  altimeter  error  over  mountains  appears  to  have 
"been  sonevhat  over- estimated,  l/itb  vertical  air  motions  of  several 
thousand  feet  per  minute  present,  a  sudden  loss  of  altitude  in  severe  down- 
drafts  vi  11  generally  far  outweigh  the  error  in  altiaeter  readings. 

e.  Combination  of  hazards  in  a  mountain  we. 

It  has  already  been  pointed  out  in  the  foregoing  paragraphs  that 
certain  combinations  of  the  listed  hazards  can  become  quite  critical.  A 
very  typical  combination  is  the  following: 

Due  to  an  upwind  tilt  of  the  waves,  streamlines  are  pached  on  the 
downwind  side  of  the  waves.  This  increases  not  only  the  downdraft  velocity 
of  the  air,  but  also  the  flight  time  spent  in  the  downdraft  area  during 
a  headwind  flight.  The  aircraft  will  continue  to  lose  altitude.  Attempts 
of  the  pilot  to  climb  vlth  full  power  will  slow  down  the  aircraft  further 
and  trap  it  in  the  downcurrcnt.  In  a  matter  of  a  minute  or  two  the  plane 
nay  descend  into  the  low  level  rotor  zone  wiiere  it  encounters  excessive 
turbulence  vlth  insufficient  reserve  speed.  Loss  of  control  may  follow 
precisely  at  the  moneet  when  it  is  no  at  needed;  namely,  during  flight 
at  mountain  crest  level.  The  situation  is  aggravated  by  unreliable 
altimeter  readings  and  a  collision  with  the  mountain  nay  became  unavoid¬ 
able  if  visibility  Is  restricted. 

There  ere  uany  other  dangerous  combinations  conceivable  which  may 
have  caused  air  disasters  in  the  past,  especially  if  the  aircraft  was  in 
instrument  flight. 

f.  Suggested  rules  for  flying  the  wave. 

As  long  as  the  unsatisfactory  sarety  rules  on  minimum  height  over 
mountains  are  not  changed,  the  responsibility  rests  with  the  meteorologist 
and  the  pilot  himself.  Although  the  present  safety  nargim  of  2,000  feet 
nay  be  lost  in  less  than  one  minute,  a  genera}  change  of  minima  heights 
has  not  been  adopted  thus  far  os  it  would  eliminate  uost  nan-pressurized 
aircraft  from  flying  over  the  Rock)'  Mountains.  Under  these  circumstances, 
the  pilot  should  observe  certain  flight  rules  after  having  been  properly 
briefed  by  the  meteorologist  that  mountain  wave  conditions  may  be  expected. 
Few  pilots  are  aware  of  the  fact  that,  in  winter,  this  is  the  case  in 
one  out  of  four  days. 

The  following  ten  rules  are  suggested  as  a  guide: 

1.  If  it  is  not  feasible  to  fly  around  an  area  of  obvious  wave 
activity,  cross  the  noun tn in  range  at  about  25,000  feet  or  at  a  level  which 
is  at  least  50 higher  than  the  height  of  the  mountain  range  above  the 
surrounding  terrain. 

2.  Avoid  all  flights  in  the  turbulent  rotor  cloud  (also  called 
"roll  cloud"). 

3.  Do  not  enter  the  "cap  cloud"  over  the  mountain  crest  with  its 
severe  downdrafts . 


k.  Do  not  fly  high-speed  aircraft  into  the  wave  below  20,000  feet; 
particularly,  do  not  fly  downvind. 

5.  Do  not  penetrate  a  strong  nountain  wave  on  instrument  flight. 

6.  If  you  are  trapped  in  a  severe  downdraft,  change  course  quickly 
to  a  tailwind  direction. 

7.  Allow  for  1,000  ft  total  error  in  altimeter  readings  near  moun¬ 
tain  peaks. 

8.  If  flying  above  30,000  ft,  avoid  levels  with  ragged  edges  of 
lenticular  clouds;  they  nay  be  indications  of  severe  high  level  turbulence 
Avoid  then  by  changing  height. 

9.  If  flying  against  headwinds,  use  updraft  areas  (especially  the 
one  upwind  of  the  rotor  cloud)  as  on  aid  in  gaining  altitude  reserve  to 
pass  through  the  next  downdraft  area. 

10.  Cross  a  powerful  nountain  wave  at  right  angles  to  the  nountain 
range  in  order  to  keep  flight  tlae  in  downdrafts  to  a  ninliaci. 
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12.  THEORY  OF  STATIONARY  AIR  FLOW  OVffi  A  MOU1TAI* 


Introduction.  In  the  final  report  of  the  Sierra  Wave  Project  [17] 
a  orief  historical  accouiit  vas  given  of  the  development  of  the  mathematical 
theory  for  the  flow  of  an  air  current  across  a  Mountain  range,  including 
the  contributions  which  were  aada  under  the  sponsorship  of  the  project. 

In  this  chapter  scat  of  the  salient  features  of  the  theory  will  be  reviewed, 
and  the  results  will  be  centered  with  the  observed  flow  patterns  over  the 
Sierrss. 


Host  of  the  existing  theory  has  been  derived  under  the  assumption 
that  second  order  terns  in  the  governing  equations  can  be  ignored  so  the 
problen  can  be  Investigated  with  sufficient  accuracy  with  linearised 
equations.  It  is  generally  agreed  that  this  apprmrl nation  is  reasonably 
good  (except  perhii*  in  the  ianediatc  vicinity  of  the  mountain)  if  the 
effective  width  of  the  mountain  is  nuch  larger  than  its  height,  which 
is  usually  the  case  in  nature. 

It  is  further  assumed  that  non-isentropic  processes  (radiation, 
condensation,  turbulent  nixing,  and  nolecular  dissipation)  can  be  ignored. 
The  air  is  considered  a  perfect  gas  of  uniform  composition  whose  physical 
changes  obey  the  adiabatic  lav.  Apart  from  the  condensation  there  ippears 
to  be  reasonable  Justification  for  these  approximations .  However,  the 
cross-noun  tain  flow  is  usually  accompanied  by  typical  cloud  formations. 

It  vcxild  be  very  difficult  to  incorporate  this  condensation  process  in 
the  theory,  and  it  has  therefore  been  left  out  of  the  theory  so  far. 

In  the  flew  over  very  vide  continental  mountain  systems  which  it 
takes  the  air  a  day  or  more  to  cross,  the  rotation  of  the  earth  becomes 
one  of  the  dominant  factors  In  the  dyxumdcs  of  the  flow.  The  stream! In ts 
have  large  horizontal  defections  on  the  lee  side  of  the  winV-^n  range. 
However,  if  the  mountain  is  only  moderately  wide  like  the  Sierra  range, 
the  air  vill  cross  it  in  a  few  hours.  The  dynamic  effect  of  the  earth's 
rotation  is  than  unimportant  and  any  be  ignored  altogether.  Within 
approximation  the  flow  la  two-dimensional  in  vertical  planes  perpendicular 
to  the  mountain. 

The  linearized  theory  with  the  above  approximations  is  reviewed 
in  the  first  s action  belov.  The  elimination  process  leading  to  the  basic 
wave  equation  (13)  is  given  in  tome  detail.  This  is  included  since  the 
various  investigators  have  derived  the  equation  with  different  and  not 
altogether  syitmmti-  additional  approximations  based  on  numerical  estimates 
of  atmospheric  values  of  the  physical  parameters  in  the  undisturbed  flow. 

The  complete  wave  equation  (13)  cannot  be  solved  with  present  mathematical 
knowledge.  It  is  therefore  necessary  to  consider  slip  11  fled  atmospheric 
models  which  resells  observed  conditions.  The  rest  of  the  chapter  re¬ 
views  the  theory  of  some  of  these  models,  and  coapares  the  flow  predicted 
by  that  with  observed  flow  patterns.  It  is  shown  that  the  agreement  is 
rather  good  in  the  most  recent  models. 
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1.  Statiotiary  flow  of  a  stratified  atmospheric  current  over  a  snail 
amplitude  tvo- dimensional  mountain  profile,  •  la  the  basic  undisturbed  state 
tvlth  the  mountain  absent)  the  air  flovs  steadily  in  the  fixed  horizontal 
direction  of  the  unit  vector  J  (the  x-azis)  with  a  velocity  U  vhich  has 
an  arbitrary  variation  along  the  vertical  V  *  U(z).  The  aass  distribution 
in  this  undisturbed  current  is  hydrostatic  with  arbitrary  stratification, 
that  is,  the  specific  volume  a  is  an  arbitrary  function  of  height, 
a-a(t).  The  stratification  is  conveniently  described  by  the  relative 
vertical  gradient  of  specific  voluae 

(1)  s  -  •( z)  •  (In  a  ). 

The  physical  changes  of  the  air  (in  the  disturbed  tlav)  are  pre¬ 
scribed  to  obey  the  adiabatic  lav,  vhich  nay  be  written  in  the  differential 
for* 

(2)  jjj:  (density)  ■  b  ^  (pressure). 


The  parameter  b  is  the  coefficient  of  pietzotropy.  Tor  adiabatic  changes 
b  is  the  Inverse  square  of  the  speed  of  sound.  Its  value  Is  Obtained  from 
the  eq..tlon  of  state 
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RT 
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T53  (Too)  1/K; 


*  • 


by  individual  tlae  differentiation,  vhich  for  adiabatic  changes  gives 

1  DP  1_I£ 

P  Dt  "  "  *p  Dt, 
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and  hence,  by  comparison  with  (2) 

t  _  1  _  1 

*  sap  "  kRT 
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The  vertical  stability  of  the  current  is  determined  by  the  gradient  of  the 
potential  temperature  t,  obtained  by  differentiation  along  the  vertical  of 
the  equation  of  state  for  the  undisturbed  fields.  Thus,  using  the  hydro- 
« telle  equation  ve  get 


d_ 

d£ 
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sp  dz  sap 


and  hence 

(h)  -^-lnO-^-lna-bg*  s-bg  *  o. 


In  this  system  ve  introduce  a  small  amplitude  two-dimensional 
perturbation  In  the  vertical  zx-planes, 

(5)  v  -  v(x,z)  .  u(x,t)i  +  v(x,z)k, 

mm  m  m 

and  explore  under  vhat  conditions,  if  any,  the  resultant  motion  is  steady. 
Let  the  corresponding  small  local  departures  of  pressure  and  mass  be 
denoted  by  a  bar  over  the  respective  symbols,  so  the  resultant  fields  are 


If  the  resultant  notion  It  steady,  the  Individual  tine  derivative  Is  the 
convective  change 

jjj  ■  (IU  , 

so  the  equation  of  pletzotropy  (2)  becomes 

-(ujj  +  y*7)(a+l)  »  b(a4d)2(U^  ♦  V'7)($+p), 

or,  vhen  second  order  terms  are  Ignored, 

-Ug|(a  iba2})  i  v(|“  +ba^)  .  av(s-bg)  ■  aw. 

Let  C  denote  the  vertical  displacement  of  the  particle  from  its  equilibrium 
level,  vrltc  v  -  u|j»,  and  Integrate  vith  respect  to  x.  1/e  then  get  the 
physical  equation  In  lta  most  convenient  form 

(6)  -  d/a  •  baf  +  Co. 

The  dynamic  equation  of  the  resultant  disturbed  motion  is 

(u-4  +  y*y)(ui  +  y)  +  (a4d)y(p+5)  •  g. 

The  terms  aVp-g  cancel  due  to  the  hydrostatic  balance  of  the  undisturbed 
flow  so,  vhen  second  order  term  are  ignored,  ve  get 

Uvx  +  U'vj  +  (5/a)^  -  -  a7}  -  -V(a})  +  }Va. 

Here  partial  differentiation  on  the  perturbation  velocity  is  denoted  by 
subscript,  and  the  total  differentiation  vith  respect  to  height  on  the 
parameters  of  the  basic  undisturbed  flov  by  accent.  The  last  term  on  the 
right  may  be  vritten  pVa  ■  ajj?(in  a)  «  aps£.  Substitute  further  for 
h/a  from  (6).  The  dynamic  equation  then  becomes 

(7)  +  U'vi  +  a ( gC-af )k  -  -y(a}), 

or,  vhen  the  local  pressure  departure  is  eliminated  by  £x  differentiation, 
U(V*y)x  +  U'kxvx  ♦  v(U'v))d  ♦  c(*?;  +  Uvx  +  U'vi)  x  *  -  0. 

All  the  vectors  here  are  perpendicular  to  the  xz-plane  so,  takihg  their 
scalar  values,  ve  have  the  corresponding  scalar  equation 

U(Vvx)x  ♦  U'Ujj  +  (U'v)^  -  o(gCx  ♦  +  U'v)  *  0 

Divide  by  U,  change  sign,  and  substitute  thus 


(a) 


XX 


■  Ufl  ♦  (ff  •  *  (“f 


gU1 

u 


-SCw 
u  ^ 


0. 


Pram  this  equation  u*  may  'oe  eliminated  with  the  aid  of  toe  equation  of 
continuity, 

9*v  -  -(a-w )  ), 

which,  combined  with  the  equation  of  pietsotropy  (2),  becomes 
♦  vz  •  -*(«■*  )(Ufcl  ♦  v.7)(p  ♦  p), 
or,  when  second  order  terns  are  ignored, 

ux  +  vz  *  ’b^a?)  '  tw°3f  * 

The  local  pressure  departure  nay  be  eliminated  with  the  aid  of  the  horizontal 
component  of  the  dynamic  equation  (7),  so  ve  get 

U*  +  V,  m  bU(Uu*  ♦  U'w)  bgv. 

Introduce  the  non-dinensional  parr  meter 

(9)  H  -  1-WJ2  «  1-(U/C)2 
ana  aesccble  terns,  thus 

(10)  -Mu*  «  v,  -  b(g-*UU’)v. 

Nov  to  eliminate  u*  from  (8),  apply  the  factor  M,  write 

-Mu*,  ♦  M(«r  -  £l)u*  -  -(Ita*),  ♦  (o  -  gl  ♦  ^)MU*, 

and  then  substitute  for  Hu*  from  (10).  The  result  is 

♦  ***  ~  -  (b(s4W’)}’w  -  (o  -  gl  ♦ 

'  *  °* 

After  rearraagestent  this  equation  has  the  form 

(11)  Mw**  ♦  v„  -  Aw,  ♦  fcr  .  0 

where 

A  -b(g4W>)  ♦  (•  -  {p  ♦  jp)  ♦>§'  «  s  egl. 

B  “  +  °lr  '  T*  +  W^2  *  (T^®  "  §~  +  {i"H*(«*W  )J ' 

-  (^  +  H1)0»  +  bU2®  -  bUU'  ♦  bufl  -  b'U2)  -  b(W' )'-  I^EL  , 
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or,  since  M+tU2  -  1, 

B  -  (o  -  2b UU'  •  k'U8  +  bU2—-)  +  bg  Jr 

U *  MU 

+  ^(o  -  2MJU'  -  b'U2  ♦  bU2^-)  -  bUU"  . 


In  the  parentheses  substitute  from  (9) 

-2bUU'  -  b’U2  +  bU2  (M'/M)  ■  M'(l  +  bU2/}-!)  *  H'/K, 


so  B  reduces  to 


B  •  (o  ♦  M'AOs/U2  ♦  (s  ♦  M'/mJU’/U  -  u"/u. 

*ith  these  values  of  A  and  B  substituted,  (11)  is  the  differential  equation 
for  the  vertical  velocity  component  of  a  small  amplitude  stationary  perturba¬ 
tion  super  imposed  upon  the  stratified  currant  U(s),  namely 

♦  t  ££  -  Fi«  -  o- 

The  parameters  s  and  o  are  the  logarithmic  vertical  gradients  of  specific 
voIubm  and  potential  temperature  as  defined  in  (1)  and  (U).  To  simplify 
notations  ve  may  instead  introduce  the  composite  gradients 

(12)  S  m  In  (Ma)  *  s  ♦  jj- 

*  -« *r- 

In  terms  of  these  parameters  the  differential  equation  becomes 

U3)  ♦  ws*  "  +  +  IT  ’  "  0  * 

Let  nov  the  atmospheric  current  be  bounded  belov  by  an  arbitrary 
sms  11  amplitude  mountain  profile  at  the  level  t»0,  having  the  fora 
Cq-CqCx).  A  stationary  flov  over  the  mountain  must  then  satisfy  the  differ¬ 
ential  equation  (13),  the  boundary  condition  at  the  ground 

v(s-O)  •  U 0d^/Sx, 

and  the  upper  condition  that  the  kinetic  energy  is  finite  at  great  heights. 
The  problem  of  finding  this  flov  is  solved  by  representing  the  mountain 
profile  as  a  Fourier  integral  of  sinusoidal  components,  each  of  the  form 
Wq  -  A(k)  coa  kx,  where  k  denotes  the  vave  number .  Since  the  differential 
equation  (13)  is  linear,  the  solution  may  be  represented  similarly  by  an 
Integral,  vhera  each  component  element  shall  satisfy  the  differential 
aquation  (13)  and  the  lover  boundary  condition  for  the  corresponding  sin¬ 
usoidal  component  of  the  mountain,  namely 

v(r-O)  ■  -  U0k  A(k)  sin  kx. 

The  component  solution  accordingly  it  periodic  in  x  at  the  bottom  level  and 
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hence  smst  hive  the  une  periodicity  at  all  heights.  Therefore  we  may 
substitute  in  (13)  for  the  coopoaent  solution 

(1*0  w  -  v*to/Hoa0  «■>(*)  *in 

where  the  factor  V^/H^o  is  included  to  eliminate  the  vt-  tern.  The 
subscript  o  denotes  the  values  at  the  ground,  from  (14),  using  (12),  we 
get 

Mv^/v  -  -  Jdc2 

-  S  vt/v  ■  -  S(^S  ♦  *»'/“) 

wtz/w  «  (Jfi  ♦  u'/u)2  4.  (jf6  ♦  »'/«)• 


and  hence 


(Mw^  ♦  wxr  -  Swz)/v  •  u"/tt  -  *S2  ♦  ^6'  -  Mk2. 

When  this  is  substituted  in  (13),  we  see  that  the  amplitude  function  **(» ) 
of  the  component  solution  v  with  the  wave  number  k  suit  satisfy  the  dif¬ 
ferential  equation 

(15)  u,:  ♦  (*(»)  -  Mk2]«  -  0 
with 

(16)  T{z)  «  pg/U8  ♦  SU'/U  -  is2  ♦  $5'  -  u7u, 

P  -  (In  M»)';  S  -  (In  Ha)1;  M  •  1  -  (0/C)2, 

and  the  lower  boundary  condition 

u(s-O)  .  -  UQk  A(k). 

The  general  solution  of  (15)  has  the  form 

“<*)  .  C^«1( z )  ♦  C2«2(t), 

where  and  <*>2  are  two  linearly  independent  solutions  and  and  Cg  are 
arbitrary  constants  to  be  determined  by  the  upper  and  lower  boundary 
conditions.  If  the  upper  boundary  condition  is  applied,  one  of  these 
constants  nay  be  eliminated,  and  the  solution  nay  be  written 

u(s)  -  C3«3(z), 

where  is  a  linear  combination  of  and  “g  which  remains  finite  at  great 
heights.  The  constant  is  determined  by  the  lower  boundary  condition,  so 

«(z)  -  -  UQk  A(k)  «3(r)/«3(0). 

If  ve  return  to  (14),  the  vertical  velocity  of  the  component  solution 
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has  tb«  for* 

(17)  '  w(*)  -  -  ^a/y^a0  A(k)  u3(*)A>3(0)  sin  kx. 

TLs  notion  which  is  stationary  relative  to  an  arbitrary  mountain  is 
obtained  by  integrating  the  component  solutions  (17)  over  all  wave  numbers 
k  in  the  spectrua  of  the  mountain  profile.  We  then  see  at  once  that  the 
character  of  the  resultant  notion  will  be  decisively  affected  by  whether  or 
not  «he  component  solution  »*j(*)  has  a  zero  at  the  mountain  level  for  any 
value  of  k.  If  t»3(0)  ie  not  zero  for  any  value  of  k,  the  integral  is  regular 
over  the  entire  spectrua,  and  the  stationary  flow  over  the  mountain  will  in 
this  case  have  the  character  of  a  deformation  of  the  streamlines  which  acre 
or  less  reflects  the  shape  of  the  mountain  profile  below.  If  on  the  other 
hand  the  component  solution  u»(t)  has  a  zero  at  the  mountain  level  for  a 
certain  value  of  k,  this  means  that  a  stationary  free  wave  with  this  wave 
number  can  exist  in  the  currant  over  level  ground.  The  integral  will  then 
have  a  singularity  for  this  wave  number  and  the  main  contribution  to  the 
Integral  comae  from  the  small  spectral  group  centered  at  this  wave  number. 
This  contribution  will  have  the  character  of  a  sine  wavs  with  the  wave  length 
of  a  free  resonance  wave  which  extends  downstream  from  the  mountain  crest,  so 
there  is  a  mountain  lee  wave. 

It  should  be  noted  that  the  problem  as  formulated  here  as  a  stationary 
flow  over  the  mountain  profile  has  no  unique  solution  if  a  free  wave  exists. 
The  physical  reason  far  this  is  obvious,  for  suppose  that  we  have  found  one 
stationary  solution  by  the  method  just  outlined.  We  can  then  find  another 
ae  the  resultant  of  this  solution  and  the  free  wave  with  arbitrary  amplitude 
and  phase.  Mathematically  thin  ambiguity  is  reflected  by  the  fact  that  the 
integral  of  the  component  solutions  (17 )  is  divergent  at  the  singularity 
unless  the  integration  through  the  singularity  is  specified.  Kelvin  [  1]  and 
Rayleigh  (2],  who  first  investigated  surface  lee- waves  mathematically,  cir¬ 
cumvented  this  aahlgulty  by  different  expedients.  Kelvin  define*  the  in¬ 
tegration  through  the  singularity  by  taking  the  principal  value  of  the 
Integral,  which  results  in  a  solution  which  is  symmetric  relative  to  the 
mountain  crest  consisting  of  sine  waves  in  opposite  phase  upstream  and  down¬ 
stream  separated  by  e  central  fringe.  Be  then  adds  a  free  wave  in  opposite 
phase  to  the  upstream  wave  end  interprets  the  resulting  lee-wave  solution 
as  the  correct  one.  Rayleigh  avoids  the  singularity  by  Introducing  a  small 
artificial  friction  proportional  to  the  velocity.  This  method  gives  the  sane 
lee-wave  solution  as  Kelvin 1  s  method  whan  in  the  end  result  the  coefficient 
of  friction  approaches  zero,  lyre  [3]  and  Quency  [4],  who  investigated  lee 
waves  in  a  simple  atmospheric  model  which  will  be  described  in  the  next  sec¬ 
tion,  adopted  both  of  the  above  methods  in  their  derivation  of  the  lee-waves. 

Holland  (5)  pointed  out  that  the  ambiguity  disappears  and  the  solution 
becosws  unique  if  the  problem  is  formulated  as  an  initial  value  problem,  and 
he  proved  this  for  surface  waves.  Vurtele  [6]  and  Pclm  [7]  independently  ex¬ 
tended  the  proof  to  the  lyra-Queaey  model,  finally  Sllassen  and  Palm  [8] 
showed  that  the  stationery  solution  becomes  unique  it  the  additional  require¬ 
ment  is  introduced  that  the  mountain  is  the  only  source  of  energy.  These 
results  have  put  the  mathematical  theory  of  lee-vaves  on  a  sound  foundation. 
In  the  models  which  have  been  investigated,  if  the  flow  over  the  mountain 
1.  started  from  initial  rest  and  quickly  attains  a  constant  mean  value  U, 
the  motion  as  a  whole  approaches  asymptotically  a  steady  state  vith  a  lee- 
wave  extending  downstream  from  the  mountain  If  a  free  wave  exists.  The  flow 
pattern  of  this  aey^totlc  state  is  identically  the  srsw  as  in  the  stationary 
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solution  derived  by  Kelvin's  and  Rayleigh's  netted.  If  reasonable  at¬ 
mospheric  values  of  the  various  parameters  in  tbs  problems  are  used,  the 
tine  required  for  the  notion  to  attain  approximately  its  permanent  value 
near  the  mountain  is  of  the  order  of  a  few  hours. 

The  nathnaatieal  labor  is  much  more  formidable  in  the  initial  value 
approach  than  in  the  steady  state  formulation  of  the  lee-wave  problem. 
Therefore,  unless  ve  are  concerned  with  transient  changes  of  the  flow 
pattern  which  are  associated  vith  time  varlatlfus  of  the  basic  flow,  the 
steady  state  approach  as  outlined  above,  vith  Kelvin's  matted  to  attain 
uniqueness,  represents  the  siaplest  mathematical  procedure  for  the 
derivation  of  the  mountain  lee-raves,  The  problem  la  then  to 
find  the  solutions  u(t )  of  the  basic  mountain-rave  equation  (15)  for  all 
vauues  of  the  rave  umber  k,  and  then  evaluate  the  Fourier  integral  of 
the  corresponding  component  solutions  in  (17).  If  the  stratification 
and  shear  of  the  basic  flow  are  arbitrary  functions  of  height,  the  cor¬ 
responding  function  F(x)  in  (l6)  is  also  an  arbitrary  function  of  height 
and  no  method  is  available  to  find  the  solutions  of  (15)  in  this  general 
case.  However,  in  recent  years  several  investigators  have  derived  solu¬ 
tions  which  reflect  many  of  the  characteristic  features  of  observed 
mountain  lee-waves  by  considering  special  slcplifltd  atmospheric  models 
for  which  F  is  either  a  constant  or  a  simple  function  of  height.  In  the 
following  the  theory  of  same  of  these  models  will  be  briefly  reviewed. 


2.  Model  vith  constant  stability  end  constant  wind,  (The  Igrm- 
Quengy  model)  -  The  asthmatically  simplest  atmospheric  model  is  an  iso¬ 
thermal  current  with  no  sheer  in  the  basic  flow.  The  speed  of  sound  (or 
the  coefficient  of  pietxotropy)  is  then  independent  of  height  and  hence 
the  parameter  M  in  (9)  is  a  constant.  In  terms  of  the  temperature 
gradient,  Y  ■  -  df/dx,  the  gradients  of  specific  voliae  and  potential 
temperature  are 


(18) 


a  *  ~  In  a  -  (g/R  -  r)/T 
o  »  ~  In  •  -  (s/cp  -  Y)/T. 


For  an  isotharaal  atmosphere  y*0  so  both  tbeea  ears  constant.  The  function 
F(t)  in  (16)  therefore  reduces  to  a  constant,  namely 

(19)  F  «  og/u2  -  £s2  -  k2. 

The  wind  spaed  in  atmospheric  flows  is  usually  an  order  less  than  the 
speed  of  sound,  so  no  great  error  is  made  by  replacing  M  by  unity  in  the 
last  tern  in  the  wave  equation  (15).  This  approximation  is  of  course  not 
necessary  since  M  la  a  constant  and  hence  may  be  absorbed  in  the  *•**■<*««»» 
of  k.  The  rave  equation  for  the  isothermal  current  with  no  shear  is 
therefore 

(20)  <*'  +  (k2  -  k2)w  -  0, 

where  k2  is  the  constant  in  (19) « 

The  isothermal  atmosphere  has  a  much  greater  stability  the 
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value*  actually  observed  in  the  troposphere.  However,  the  equation  (20) 
is  approximately  applicable  to  any  atmosphere  with  a  constant  lapse  rate 
of  temperature  when  the  appropriate  Bean  values  of  the  parameters  o  and 
s  in  (18)  are  substituted  in  the  expression  for  k2.  Typical  mean  tropo¬ 
spheric  valuejj,  Y  •  0.006°m'^  and  5  ■  250°K  give  s  *  1.2  *  10" ^  a-1, 
o  *  1.6  x  10"  ;  a.  If  the  flow  has  the  speed  V  ■  20  ns"*,  the  critical 
wave  number  is  k,  »  0.6  km*^,  and  hcncc  the  critical  vavc  length  (see 
belov)  is  shout  10  km.  The  critical  irave  length  increases  with  increasing 
wind  speed  and  decreasing  stability,  but  10  km  appears  to  be  a  reasonable 
average  atmospheric  value.  Ito-t o  that  the  term  £s2  in  (19)  is  less  than 
one  per  cent  of  the  tern  eg/ lr  for  the  usual  values  of  the  wind  speed  ar.d 
oay  for  practical  purposes  be  Ignored. 

The  free-wave  solutions  of  (20),  for  vhlch  u  is  zero  at  the  ground, 

are 

u  *  sinh  z;  k  >  kg 

(81) 

u  •  sin  v^f-k2  z;  k  <  k8 


The  short  wave  solutions,  k  >  k8,  approach  infinity  at  great,  heights,  so 
these  oust  be  rejected.  However,  the  long  wave  solutions  are  physically 
possible  free  waves  for  every  wave  number  k  <  ks.  They  are  internal  gravity 
waves  vlth  equidistant  horizontal  nodal  planes  separated  by  the  vertical  half 
wave  length  fa,  given  by 

H^kf  -  !:2)  ■  It"2, 
s 


Substituting  here  k  >  2«/Ls  and  k  »  2-rt/L,  we  get  the  following  relation 
between  the  vertical  and  horizontal  wave  length 


(22) 


/L  \2  H2  +  L2 


which  leads  to  a  simple  physical  interpretation  of  these  supercritical 
Internal  gravity  waves.  Since  they  are  stationary  waves,  they  are  all 
propagated  against  the  current  with  the  same  constant  phase  velocity  V. 
Superposition  of  two  such  waves  with  equal  wave  length  and  amplitude  prop¬ 
agating  in  opposite  directions  results  in  standing  oscillations  relative  to 
the  fluid  in  rectangular  cells  with  vertical  and  horizontal  side- lengths  £h 
and  £l.  The  period  of  these  oscillations  is 

T  -  L/U. 


As  the  wave  length  is  made  shorter,  the  period  decreases  until  In  the  lislt 
as  L  -*  Lg  the  period  approaches  the  rlnlaum  value,  obtained  from  (19), 
namely 


Tfi  -  Lg/U  -  2n//5£ 

when  the  small  term  £s2  is  ignored.  Comparing  these  with  (22)  ve  see  that 


T_ 

*6 


cos  0, 
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v mere  +Hr'  Is  t^e  diagonal  of  the  cell,  and  6  ie  the  slope  angl ; 

of  the  diagonal.  Long  and  shallow  cells  oscillate  slowly,  short  and 
deep  cells  rapidly,  which  is  just  what  should  he  expected.  The  shortest 
cell  compatible  with  the  given  phase  velocity  U  has  the  horizontal  ware 
lengtn  Lj.,  and  hence  H  «  D  *  The  oscillations  ace  here  strictly 
vertical'and  the  period  is  the  veil  known  Uniting  period  of  vertical  grt 
oscillations. 

It  is  then  quite  evident  that  the  subcritical  waves  shorter  tha: 
Ls  cannot  have  a  phase  velocity  as  large  as  U  and  hence  cannot  appear  as 
stationary'  free  waves.  But  all  the  supercritical  waves  longer  than  L, 
are  possible  free  waves  and  will  appear  as  lae  waves  behind  the  Mountain 
in  the  resultant  flow  pattern.  These  waves  will  interfere  and  cancel 
some  distance  downstream  frost  the  mountain  crest,  and  the  resultant  flow 
will  be  non-periodic. 

Queney  [9}  has  worked  out  the  details  for  a  symmetric  mountain 
range  with  the  profile 

(23)  Cq  -  h(l  ♦  (x/*)2}"1  -  ba  J  exp(-ak)  cos  kx  dk, 

where  h  ls  the  height  of  the  crest  and  a  is  a  measure  of  the  width  of  th 
mountain.  The  Fourier  components  of  this  profile  have  the  amplitudes 
A(k)  «  ha  exp(-ak),  and  it  is  therefore  evident  that  only  components  who 
vavelengths  are  comparable  to  the  width  of  the  mountain  (2ws)  contribute 
appreciably*  to  the  resultant  profile.  Therefore  only  these  mountain 
components  will  excite  appreciable  wave  components  in  the  resultant 
stationary  flow  over  the  noun tain.  The  general  aspects  of  the  flow 
pattern  are  determined  largely  by  the  width  of  the  mountain  (2*a)  as 
compared  to  the  critical  wave  length  of  the  current.  The  simplest  flow 
patterns  occur  when  the  mountain  is  either  much  narrower  or  much  vlder 
than  the  critical  wave  length. 

(i)  If  the  mountain  is  much  narrower  than  the  critical  wave  long 
the  "active"  mountain  components  have  wave  makers  kxak,.  The  solutions 
of  (20)  for  these  components  are  approximately'  w  •  exp(-kx),  and  the 
corresponding  wave  components  (17)  are 

v  *  Va  /ao  U*  ha  exp(-ka)  exp(-kx)  sin  kx. 

The  vertical  displacements  w  of  these  components,  since  v  -  UdC/dx,  are 
i  m  >Jafa0  ha  exp(-ka-kx)  cos  kx, 

and  hence  the  vertical  displacements  in  the  resultant  flow  are  approx¬ 
imately 


C  -  ha  4  e'k(a+l>  cos  kx  dx  -  \6/aQ  (~)[l  +  (JL)2}*1. 

All  the  streamlines  have  sysaetric  deforaations  which  reflect  the  shape 
of  the  mountain' profile  belov,  and  the  crest  line  coincides  with  the 
vertical  of  the  mountain  crest.  Since  the  critical  wave  length  is  of 
the  order  of  10  km,  this  solution  applies  to  narrow  hills  whose  width  ls 
about  1  km  or  less. 
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(11)  If  the  aountaln  la  much  wider  than  the  critical  wave  length 
(2na»L3),  the  active  mountain  components  have  wave  numbers  and  the 

solutions  of  (20)  for  these  components  are  approximately 
“  ■  cos  (or  sin)  kgz.  The  corresponding  vave  components  in  (17)  are 

v  •  -  V?7“o  exp(-ka)  sin  (kx  ±  kg«), 

or  In  terms  of  the  vertical  dlsplacasunts 

w  ■  \  c-Ja^  ha  exp(-ka)  cos  (kx  t  kgz). 

The  solutions  vlth  the  negative  sign  represent  waves  which  transport  the 
energy  downward  toward  the  aountaln  and  must  he  rejected  to  attain  unique¬ 
ness.  The  vertical  displacements  of  the  resultant  flow  are  therefore  ap¬ 
proximately 

m 

i  m  yV0o  b*  4  axp(-ha)  coe  (kx  4  kgt)dk 
•  h  (cos  k3z  |  sin  kbt)(l  ♦  (|)2)  \ 

This  solution  is  periodic  along  the  vertical  with  the  vertical  "wave  length" 
Lg.  It  is  nonperiodic  In  the  horizontal  direction  hut  has  a  characteristic 
asyMMtry  relative  to  the  aountaln  as  say  he  seen  In  figure  12.1  (reproduced 
from  Queasy' a  paper)  which  shows  the  flow  pattern  over  a  aountaln  whose 
width  (2tm)  is  10  critical  wave  lengths.  At  low  levels  the  strcsssllnes  have 
a  pronounced  creat  immediately  upwind  from  the  mountain  crest  and  a  weak 
trough  on  the  lee- side  of  the  aountaln.  Higher  up  the  upwind  crest  becomes 
weaker  and  the  lee  trough  aore  intense,  while  both  are  gradually  shifted 
backwards  against  the  wind.  At  the  level  one  quarter  of  the  critical  vmve 
length  above  the  ground  the  crest  and  trough  havt  equal  strengths  end  are 
located  symmetrically  relative  to  the  aountaln  crest  above  the  points  where 
the  aountaln  has  the  steepest  slope.  At  the  level  of  one  half  the  critical 
wave  length  above  the  ground  the  upvind  crest  has  disappeared,  the  trough 
has  maxima  strength  and  has  been  shifted  back  to  the  aountaln  crest.  The 
streamline  Is  hers  an  inverted  Image  of  the  aountaln  profile.  The  sane 
trend  Is  repeated  In  the  next  half  vave  length  layer  with  the  trough  on  the 
upwind  side  and  the  crest  on  the  lee  side  of  the  aountaln.  At  the  elevation 
of  a  full  critical  wave  length  the  trough  has  disappeared  far  upwind  and 
che  streamline  Is  Identical  to  the  aountaln  profile.  (The  factor  'A/°0  In 
the  streaallne  amplitude,  which  Increases  uniformly  with  height,  has  been 
Ignored  In  figure  12.1. )  This  theoretical  aodel  should  apply  to  relatively 
broad  aountaln  ranges  (50  to  100  km  vide),  and  It  does  in  fact  show  some  of 
the  character 1st ic  features  which  are  observed  in  cros (-mountain  flow  over 
such  ranges  as  the  Sierras  and  the  Alps.  The  speed  of  the  flow  nay  be 
Judged  In  the  dlagraa  from  the  width  of  the  streaallne  channels,  and  since 
the  flow  is  assumed  adiabatic,  the  streamline*  are  also  lines  of  constant 
potential  temperature .  The  aodel  has  strong  vara  downslopc  winds  (foehn) 
at  low  levels  beteen  the  aountaln  crest  and  the  lee- side  trough,  and  mich 
weaker  cold  up  slope  winds  on  the  upwind  side  of  the  aountaln  crest.  This 
is  in  complete  agreement  with  the  observed  conditions  In  a  typical  Alpine 
foehn  situation  3  October  19^1  described  by  Bo  lakes  [  10]  and  further  dis¬ 
cussed  by  BJerknee  (ill.  In  the  Sierras  the  strong  foehn  wind  down  the 
lee  slope  of  the  mountain  is  usually  very  pronounced,  as  may  be  Judged  from 
typical  situations  30  January  1952  (figure  3.22)  and  16  February  (3.28). 


235 


The  clouds,  vnlch  fora  on  the  upwind  side  and  cover  the  divide  as  a  dense 
wall,  dissolve  in  a  characteristic  "cloud-water  fall '  along  the  lee 
slope  of  the  mountain.  The  observed  flew  over  the  Sierras  also  usually 
shows  a  backward  tilt  of  the  lee-cide  tro  ’gh  it  it  r  levels  near  the 
mountain  erect.  But  higher  up  the  observed  ti_t  secu-s  to  be  very 
slight,  certainly  much  mailer  than  in  Queney's  theoretical  model. 

The  model  falls  to  predict  the  lee-’/aves  which  are  observed  downwind 
froei  the  Sierra  crest.  Neither  Is  the  /ertical  periodicity  in  the  model 
borne  out  by  observations. 

(ill)  If  the  width  of  the  mountain  is  about  the  some  as  the 
critical  wave  length,  the  active  mountain  conponents  will  excite  both 
aubcritical  wave  components  of  the  type  in  model  (i)  'Those  amplitude  de¬ 
creases  exponentially  with  height,  and  supercritical  cooponents  of  the 
type  in  model  (11 )  which  can  exist  as  stationary  free  waves  in  the  current. 
The  corresponding  Fourier  integral  is  then  not  quite  so  simple  as  in  the 
earlier  models,  but  still  it  may  be  evaluated  by  standard  methods.  The 
result  of  the  computation  for  a  mountain  which  has  exactly  the  width  of 
the  critical  wave  length  (2ra  ■  Lg)  is  shown  In  figure  12.2  which  is  re¬ 
produced  from  Quei.ey ' s  paper.  The  flow  pattern  snows  seme  similarity  to 
the  wide- mountain  model  In  figure  12.1,  but  also  soae  significant  dif¬ 
ferences.  The  entire  disturbed  part  of  the  flow  has  been  shifted  down¬ 
wind  toward  the  lee-side  of  the  countaln  and  contains  a  fairly  veil 
developed  system  of  lee-waves  with  e  wave  length  a  little  longer  than  the 
critical  wave  length.  This  is  just  what  sho'J.d  be  expected:  the  main 
contribution  comes  from  the  fkee  super-critical  resonance  waves  with  those 
close  to  the  critical  wave  leugth  predominant.  These  wave  components  are 
in  phase  near  the  mountain,  but  increasingly  out  of  phase  downstream.  So 
already  the  second  resultant  wave  downstream  from  the  mountain  has  a  much 
smaller  amplitude  than  the  first.  Similarly  to  the  vi de-mountain  model 
in  figure  12.1,  the  lee- wave  trough  has  a  strong  backward  tilt  extending 
obliquely  upward  against  the  wind,  and  the  v.iOle  wave  system  has  the 
same  tilt.  The  strongest  down* lope  foehn  winds  are  located  seme  distance 
above  the  ground  In  this  model.  In  the  Sierras  the  strongest  winds  are 
usually  found  i’maediately  above  the  ground  on  the  lee  slope.  This  dis¬ 
crepancy  may  be  due  to  the  lack  of  sysmetry  in  the  Sierra  profile.  A 
mountain  which  has  some  similarity  to  the  Sierra  profile  is  obtained  by 
solidifying  the  streamline  whose  mean  elevation  is  one  quarter  of  the 
critical  wave  length.  The  flow  over  this  profile,  as  copied  from 
figure  12.2,  Is  shown  in  figure  12. 3-  The  Sierra  profile  is  shown  in 
the  lower  part  of  the  figure.  Thiis  model  agrees  rather  veil  in  the 
lower  layer*  with  the  observed  flow  patterns  on  January  31  and  February 
16,  1952  (figures  3*22  and  3.28).  The  strong  foehn  winds  ore  located 
immediately  above  the  ground  on  the  lee  slope.  The  isentropes  are 
closely  packed,  indicating  a  stable  layer,  immediately  above  the  mountain 
crest.  But  the  structure  of  the  observed  lee- wave  system  at  higher  level 
is  quite  different  from  the  model  in  figure  12.3.  The  observed  lee-vaves 
usually  have  maximum  amplitude  at  low  levels.  They  have  very  small  if  any 
tilt  with  height,  and  they  are  repeated  downstream  vithout  appreciable 
change  in  amplitude. 

It  is  evident  therefore  that  the  theoretical  model  needs  modifica¬ 
tion  in  order  to  account  for  the  distinct  lee-vaves  which  are  observed. 
Effective  alterations  of  the  model,  leading  to  distinct  resonance  waves, 
have  been  proposed  by  several  investigators , 


r>*  12.3  -  Flo*  >nr  sa  wyinttru  Mountain  profit*  *bieb  rcsaabltt  Ua  Starrs  profit*, 
•btsimd  fro*  fipn  12.2  b>  lolidifyiijt  tb«  itraaaliM  *bos*  ■■■  *l**atiao  is  *■« 
fiirl*r  *f  th*  critical  *•**  Implh. 
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3.  Two- layer  model  with  constant  F- parameter  la  etch  layer. 

(Scorers  model).  If  ve  return  to  the  complete  wave  equation  in  (15),  with 
the  value  of  the  F- parameter  specified  in  '16),  it  it  immediately  evident 
that  several  simplifications  can  be  made  without  changing  the  essentials  if 
ve  consider  the  normally  occurring  values  of  wind  and  stratification  in  the 
atmosphere.  The  wind  is  usually  much  smaller  than  the  speed  of  sound,  so 
no  great  error  is  Introduced  if  ve  replace  M  by  unity  and  hence  the  com¬ 
posite  gradients  B,  S  by  the  simple  gradients  a ,  s.  It  has  already  been 
pointed  out  that  £s2  rarely  exceeds  one  per  cent  of  cg/U2.  Under  normal 
conditions  the  terms  sU'/U  and  £s*  are  also  such  smaller  thanog/U2.  If  all 
these  terms  are  ignored  the  wave  equation  reduces  to 


(24) 

«"  +  (F(z)  -  k2]u  ■ 

with 

(25) 

P(z)  -  eg/U2  -  U"/U 

All  the  models  which  have  been  studied  so  far  are  derived  by  considering 
this  simplified  version  of  the  vave  equation.  The  models  are  specified  by 
choosing  vertical  distributions  of  temperature  and  wind  similar  to  observed 
condition,  but  at  the  same  time  such  that  the  function  F  in  (25)  becomes 
as  simple  as  possible. 

Scorer  (12]  has  proposed  a  simple  two- layer  model  with  constant 
values  of  F  within  each  layer,  see  figure  12.4  reproduced  from  Scorer's 
paper.  The  numerical  values  below  are  tlvose  of  the  numerical  example  in 
the  figure.  The  upper  unbounded  layer  has  a  constant  strong  wind 
(Ufl  ■  15  ms-1)  and  a  constant  weak  stability  (y8  •  8°  km*1).  So  the 
parameter  F  lias  here  a  relatively  small  constant  value 

Fs  m  <Wui  *  kl'>  (Lc  %  11  km). 

The  lower  layer  consists  of  two  layers,  both  having  the  same  constant  value 
of  F  which  is  larger  than  the  upper  layer  value.  Dynamically  these  two 
layers  act  as  one  layer.  The  bottoci  layer  has  a  constant  weak  wind 
(UQ  -  10  MR-1)  and  a  constant  stability  greater  than  the  upper  layer 
(y0  »  4C  i"-"),  so  F  has  here  the  constant  larger  value 

Fo  *  °oS/Uo  “  ko;  (Ife  *  4m). 

The  central  layer  has  a  constant  stability  and  a  wind  profile  which  is  a 
smooth  continuation  of  the  winds  above  and  below,  increas ing  continuously 
from  the  value  UQ  at  the  bottom  to  Us  at  the  top  in  such  a  way  that  the 
F- parameter  has  the  constant  value  F0  of  the  bottom  layer.  This  velocity 
profile  pay  be  evaluated  numerically  by  proper  adjustment  of  the  depth  of 
the  layer.  The  profile  has  a  point  of  inflection,  U"  »  0,  somewhere  in 
the  middle  of  the  layer,  and  here  og/U2  «  oQg/u|.  Since  l >UQ  it  follows 
that  the  central  layer  has  greater  stability  than  the  bottom  layer 
(y  *  1°  km*1). 

The  wave  equation  (25)  respectively  in  the  upper  and  lower  layer 
of  this  model  has  the  forms 
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Upper  layer:  <*»"  +  (k|-k2)~  ■  0, 

Lover  layer:  o"  +  (k|-k6)>j  «  0. 

If  the  lover  layer  Is  sufficiently  deep,  this  nodel  has  a  distinct 
static iary  free  wave  over  level  ground  with  a  vave  length  Lj.  somewhere 
in  the  interval  I^L^^L,.  All  vaves  in  this  interval  are  subcrlticol 
(k>ks )  in  tire  upper  layer  and  ruper critical  (k-*^)  in  the  lover  layer. 
With  the  origin  at  the  interface,  the  solution  of  {2k)  in  the  tvo 
layers  which  is  contir.uoua  at  the  interface  is  therefore 

Upper  layer:  o  »  exp(-Xc),  X  «  . 

(2Q  rs — ^ 

Lover  layer:  <j  »  cos  yz  -  (X/y)  sin  yz,  ^  ■  v*0-k  . 

with  an  arbitrary  amplitude  factor  left  out.  If  H  denotes  the  depth  of 
the  lover  layer  (bottoa  layer  central  layer),  the  boundary  condition 
for  a  free  vave  over  level  ground  is  u(-H)  «  C,  and  hancs 

(2?)  y  cot  yH  *  -  X. 

The  solution  of  this  equation  is  found  graphically  by  plotting  both  sides 
as  functions  of  k.  The  intersections  of  the  graphs,  if  any,  determine 
the  vave  numbers  kj.  of  the  free  resonance  vaves.  If  H  is  too  saall  there 
is  no  intersection  of  the  curves  and  hence  no  free  vaves.  In  his 
numerical  example  Scorer  chose  H  »  2.7  km.  The  curves  have  then  one 
intersection  which  determines  the  fret  resonance  vave  L r  ■  6  k*.  When 

(27)  is  used,  the  lover  layer  solution  for  the  free  vave  nay  be  written 

(28)  u  «  A  sin  ^(x+H). 

Since  this  is  a  smooth  continuation  of  the  exponential  decrease  In  the 
upper  layer,  it  is  evident  that  the  lover  layer  Bust  include  core  than  a 
quarter  vertical  vgvelepgth  of  this  sine  curve,  so  FSroc  (26) 

Uj.  Is  lees  than  (k£-kf  )£.  If  the  depth  of  the  lover  layer  is  less  than 
J^k^-kg  )~$  there  Is  no  free  vave  in  the  interval  kg-kg. 

In  his  numerical  exacple  Scorer  has  taken  a  mountain  with  the 
profile  in  equation  (23)  with  a  width  (2*a)  about  equal  to  the  length  of 
the  free  vave.  This  mountain  excites  the  corresponding  distinct  resonance 
vave  to  about  its  maximum  amplitude.  It  appears  as  a  train  cf  lee  waves 
extending  downstream  from  the  oountain,  starting  vith  a  lee  trough  im¬ 
mediately  down  wind  from  the  oountain  crest.  The  lee  vaves  have  no  tilt 
with  height.  The  vertical  velocity  aaplitude  (26)  increases  free  zero  at 
the  ground  to  a  maximum  value  a  little  above  4 he  olddle  of  the  low  layer 
and  then  decreases  uniformly  higher  up.  (Again,  as  In  figure  12.1,  the 
amplitude  factor  vV  %  iias  been  ignored  in  figure  12. k.) 

The  retraining  contribution  to  the  resultant  cross-mountain  flow 
pattern  cooes  mainly  from  the  long  vave  components  L>LE  vhich  are  super¬ 
critical  in  both  layers .  We  recall  that  all  these  supercritical  wave* 
are  possible  free  waves,  and  they  appear  as  a  continuous  spectrin  of  lee- 
waves  downstream  frea  the  mountain.  Their  aaplitude  is  independent  of 
height.  They  are  in  phase  at  the  oountain  and  increasingly  out  of  phase 
downstream.  Their  resultant  contribution  is  quite  similar  to  Queney's 
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vide-nouutaln  oodel  (figure  12.1).  Za  the  upper  lgyep  these  supercritical 
wav*  components  have  the  phase  kx±Xz,  with  X  » \A tf-kz,  Both  these  vave 
'types  aay  be  combined  with  lover  layer  solutions  which  satisfy  the  boundary 
condition  at  the  ground.  However,  the  waves  with  the  phase  kx-Xz,  which 
propagate  obliquely  upwards  through  tb*  air,  transport  the  energy  downward 
since  the  vertical  group  velocity  le  negative  in  these  vaves,  d(Uk)/dX  • 
-UX/k.  To  obtain  uniqueness  these  physically  unrealistic  vaves  must  be 
rejected  in  the  practical  solution.  Just  as  in  jitney’s  aodel.  In  figure 
1?,4  Scorer  has  ussd  these  wave  components  and  has  rejected  the  waves 
with  the  phase  kx+Xz  which  transport  the  energy  upwards.  As  a  consequence 
his  flow  pattern  is  wrong  in  this  respect,  particularly  at  high  levels. 

If  he  had  used  the  correct  coeqonents,  the  high-level  stressline  crest 
would  lie  dovnetreaa  fro®  the  Mountain  crest  whers  it  le  usually  ob¬ 
served. 

This  Model  represents  the  first  successful  theoretical  attempt  to 
account  for  the  observed  lee- waves  which  are  repeated  periodically  dovn- 
s trees  with  large  ssplltude  at  low  levels  tnd  no  tilt  with  height.  The 
node!  clearly  exhibits  the  sain  dynes lc  prerequisite  for  such  wavas,  that  the 
dynaslc  parameter  7  in  toe  vave  equation  has  a  smaller  value  at  high  levels 
than  at  low  levels.  The  decrease  of  7  with  height  la  primarily  due  to  the 
Increase  of  the  wind  speed.  Vie  are  therefore  led  to  the  slagple  qualitative 
rule  that  a  necessary  condition  for  a  distinct  periodic  lee-wave  is  a  suf¬ 
ficient  increase  of  the  wind  speed  free  low  to  higher  levels.  Scorer's 
nodel  is  the  simplest  theoretical  aodel  which  satisfies  this  requirsasnt. 

The  practical  applicability  of  the  model  is  limited  by  the  fact  that  it 
calls  for  a  sudden  decrease  of  the  F-paraswter  at  tome  intermediate  level. 
Observations  in  the  Sierra  region  Indicate  that  the  F-paraaeter  usually  de¬ 
creases  rather  uniformly  with  height.  Models  with  this  property  have  been 
discussed  by  Wurtele  [13  ],  Palm  [le),  and  Zltrep  [1$].  Zierep's  model 
appears  to  be  less  adaptable  to  conditions  In  the  Sierras  than  th*  other 
two,  and  will  not  be  discussed  in  this  report. 


4.  Model  with  constant  stability  and  constant  wind  shear.  (Couetts 
flow)  -  This  model  was  examined  V>y  Wurtele  in  1953-  Si  luu  mainly  tE7 
orstical  interest  since  the  wind  spend  Increases  to  unrealistically  large 
values  at  great  height.  However  it  serves  ms  a  useful  introduction  to 
Wur tele's  practical  two- layer  aodel  which  will  be  discussed  in  the  next 
lection. 

At  the  ground  level  this  model  baa  the  F- parameter 

70(ground  level)  *  og/u§  -  k§.  (l^  *  6  km) 

If  the  wind  speed  at  the  ground  is  10  me“^  and  the  constant  lapse  rate  of 
temperature  la  7°  km-1,  the  critical  vave  length  1^  is  about  6  km,  as  in¬ 
dicated.  It  is  convenient  to  measure  the  height  s  in  this  aodel  from  the 
level  (below  the  ground)  where  the  speed  would  be  ltro  if  the  Couetts  flow 
were  extended  downward,  let  h  denote  the  depth  of  this  reference  level 
below  the  ground.  The  constant  wind  shear  in  tb*  modal  la  then  U'  »  UQ. 
the  wind  speed  at  th*  level  z  is 

U  »  U's  ■  UoU/hJ, 

and  the  approximate  7- parameter  in  (25)  Is 


*1 


(29) 


T{i)  -  <W (hjif  -  (1 t0bjif 
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It  decreases  uniformly  vlth  height  from  the  waxing  value  k2  at  the  grc wad. 


Ultimately  at  very  great  heights  It  drops  down  to  the  same  order  as  the 
tvo  terms  which  have  been  Ignored,  sU'/u  and  £s2.  So  the  approximation  j 

In  (29)  Is  not  valid  here.  However,  even  for  extreme  atmospheric  values  ‘ 

of  stability  and  shear  the  approximation  is  good  veil  beyond  the  region  ( 

of  practical  Interest.  j 


the  practical  wave  equation  for  this  model  Is  accordingly 
(30)  »"  +  Uk^hjz)2  -  k2)o  *  0. 

At  high  levels  the  first  term  la  the  bracket?  is  negligible,  so  here  the 
bounded  solution  approaches  the  asymptotic  value  <*>exp(-kz).  the  ex¬ 
pression  In  the  bracket  changes  sign  at  the  level,  z  «  h^k^h),  and 
the  solution  Is  oscillatory  belov  that  level.  The  short  waves  l^k_ 
have  this  level  below  the  ground,  so  the  vertical  velocity  amplitude  of 
these  sub  critical  wave  components  is  non- oscillatory  all  the  way  down 
to  the  ground,  as  In  Queney's  and  Scorer's  models.  They  can  not  appear 
ms  stationery  free  waves  over  level  ground  mad  hence  not  as  lea- vaorea. 
However,  the  supercritical  wave  components  k<kp  became  oscillatory 
above  the  ground  and  a  discrete  sat  of  them,  which  have  a  zero  at  tha 
ground  level,  are  possible  free  waves  and  will  appear  as  distinct  lea  . 
waves  behind  the  mountain. 

To  find  these  free  wave*,  substitute  in  (30)  u  -  a H,  which  gives 
♦  *«'  -  t(kx)2  .  *2)a  .  0 


with 

(31)  v2  .  (V^)2  ’  i  *  (V»o)2- 

This  equation  is  satisfied  by  the  Bessel  functions  of  Imaginary  erg-ant 
and  imaginary  order  n  »  iv.  These  Bessel  functions  have  beam  tabulated 
by  Morgan  [16],  who  used  the  notations  Fy  and  Gv  for  them.  The  general 
solution  of  (30)  Is 

(32)  «  -  **(A  Fy(kz)  +  B  Gv(kx)] 

where  A  and  B  are  arbitrary  constant*.  At  high  levels  Fv(ks)  -  s~i  «p(ks). 

In  order  that  the  solution  shall  remain  bounded,  A  ■  0,  so  the  >»*»"»*** 
solution  la 

u  c  Gv(kz) 

which  at  high  levels  approaches  the  asymptotic  value  exp(-kz).  The  Area 
waves  satisfy  the  boundary  condition  uftag)  =»  0  at  the  ground.  The  were 
numbers  of  the  free  waves  are  therefore  the  values  of  k  for  the  zero#  of 
the  Bessel  function  Gv(kho).  from  (31) 

v  *  kQhe  -  2«h0/Lo  **  ho(in  te) 

i 


If  v*  take  L-  ■  6  ka .  Ybr  a  fixed  value  of  the  surface  wind  speed 
(UQ  ■  10  ms“l)  h_  la  inversely  proportional  to  the  wind  (hear,  She  value* 
usually  observed  la  the  Sierra  region  lie  la  the  range  2.5  kn4»o<5  ka.  The 
following  table  gives  the  wave  lengths  If  of  the  shortest  resonance  waves 
for  various  values  of  the  wind  shear  when  the  surface  wind  is  10  ns*1  aad 
tbs  laps*  rats  7°  ka*1  (i^  •  6  ka).  The  Unger  resonance  waves  correapood 
to  seroa  beyond  the  range  of  Morgan's  tables. 


h^ka)  Tree  wave  lengths  (shorter  than  10  h0)  la  ka. 
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The  first  coluan  gives  the  shortest  resonance  v&ve  vhlch  has  no  nodal  plane 
above  the  ground.  The  second  coluan  gives  the  next  longer  resonance  wave 
with  one  nodal  plane,  and  so  on.  If  the  wind  shear  Is  very  strong 
(hQ  >  2.k)  the  shortest  resonance  wave  Is  nuch  Unger  than  the  critical 
wave  length  1^,.  Aa  the  shear  decreases  the  shortest  resonance  wave  cocas 
closer  to  the  critical  value  and  the  nuaber  of  resonance  waves  within  any 
given  spectral  interval  lncraaeea.  Ultimately  as  the  shear  approaches  aero 
the  shortest  resonance  wave  In  the  Halt  bee  ones  the  critical  wava  4,  with  a 
continuous  spectrum  of  supercritical  resonance  waves  beyond  this  Halt. 

This  model  clearly  exhibits  the  dynamic  affect  of  the  wind  sheer  on 
cross  mountain  flow.  The  wind  shear  causes  the  continuous  apectna  of 
supercritical  resonance  waves  In  the  Xyre-^ianay  nodal  to  be  broken  up  Into 
a  discreet  set  of  distinct  resonance  waves  vhlch  become  aore  widely  separated 
the  larger  the  shear. 

Consider  now  a  noun  tain  vhlch  is  effectively  a  little  wider  than  the 
critical  wove  length.  If  the  wind  shear  Is  nail  there  are  a  large  number 
of  distinct  lee-waves  whose  wave  length  are  comparable  to  the  mountain  width. 
They  ere  In  phase  near  the  mountain  end  Increasingly  out  of  phase  downstream. 
The  resultant  flow  will  be  similar  to  fancy's  model,  figure  12.2.  If  the 
shear  is  strong  there  Is  only  one  or  two  lee- waves  comparable  to  the  width 
of  the  mountain.  The  shorter  of  the  two  has  no  nodal  plane.  It  hoe  a  max¬ 
ima*  amplitude  at  a  relatively  low  level  end  decays  rather  rapidly  higher 
up.  The  longer  lee-wave  has  a  nodal  plane  at  seme  intermediate  height  and 
Its  amplitude  has  a  slower  decay  beyond  the  second  maxims*  above  the  nodal 
plane.  The  resultant  flow  pattern  should  therefore  have  either  one  distinct 
lee-wave  oar  at  the  most  two,  with  the  shorter  dominating  at  low  levels  aad 
the  larger  dominating  higher  up.  This  Is  actually  what  Wirtele  found  in  a 
tamer  leal  example  with  a  very  strong  wind  shear,  ho  -  2.5. 


m 

5.  Two- layer  aodel  with  constant  liability  and  constant  wind  in 
the  stratosphere,  constant  stability  anA  constant  irtnd  shear  la  tty  * 
troi  pWt.  (wirtela's  noAel)  -  The  stratosphara  is  aasune?  lso&araal, 
having  the  cone teat  taeperature  TB  and  the  oonatant  vind  speed  Ug.  The 
F-paraarter  la  the  wave  equation  has  here  the  constant  value 

F  (stratosphere)  -  k 2  «  cgg/uj  -  g2/(cpTgl^). 

The  corresponding  critical  wave  length  it 

L,  -  2<jgV£~l7/g  -  (0.3  U,  in  as"1))*. 

The  troposphere  it  the  teas  as  the  one  layer  aodel  in  the  previous  taction. 
Using  the  sene  notations,  the  7- parameter  at  the  ground  is 

F0( ground  level)  »  Oog/Uo  •  k§ 

and,  as  in  (29),  at  an  arbitrary  tropospheric  level 

F  (troposphere)  »  (^h^z)2. 

The  Interface  (the  tropopause)  is  located  at  the  height  H  above  the  ground, 
or  at  the  height  hB  «  h_  +  H  above  the  reference  level.  The  depth  h_  of 
this  reference  level  toelov  the  ground  is  given  by  the  tropospheric  wind 
sheer 


U’  -  (Us-U0)/H  -  U^ho  -  Ug/hg. 

The  wave  eejuation  respectively  in  the  stratosphere  and  the  tropo¬ 
sphere  of  this  aodel  has  the  forms 


Stratosphere:  <*/'  ♦  (kg  -  k2)^  •  0 

(33) 

Troposphere  :  u"  +  ((kghg/x)^  -  h2):*  •  O 

At  the  tropopauae  the  boundary  conditions  require  continuity  of  vertical 
velocity  and  pressure.  Since  the  density  is  continuous  the  latter  con¬ 
dition  aay  he  replaced  by  an  equivalent  condition  as  follows:  the  tropo- 
pause  is  a  voorticity  discontinuity  in  the  basic  flow,  so  any  dlsplacssssnt 
of  it  represents  the  addition  of  the  vorticlty  U'  within  the  areas  between 
its  equilibrium  level  and  its  displaced  position.  This  vorticlty  Inrr— nt 
is  equivalent  to  a  sliding  vorticlty  at  the  tropopauae  which,  by  Stokes 
theorem,  has  the  value 


Au  -  U'C  -  Ugw/h,. 

Here  A  denotes  the  difference  between  the  values  over  and  under  the  tropo- 
pause,  and  t  its  vertical  displacement .  Application  of  individual  tine 
differentiation  S/Dt  -  Ugd/ax,  gives 

Au*  •  w/hg. 
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V«  have  already  1 cbm  *4  the  compressibility  la  the  dynamic  equation*  (33) 

10  v«  may  write  u_  *  -wg.  Thus,  recalling  the  kin  antic  condition  A*  ■  0,  ve 
have  the  combined boundary  condition  at  the  tropopaus*. 

(3»0  -b,A(ln»)'  -  1 

Returning  now  to  the  wave  equation!  In  (33)*  ve  note  that  the  abort 
wave*  Irffe  are  subcritlcal  In  both  layers.  Their  amplitude  decrease*  ex¬ 
ponentially  In  the  stratosphere  and  is  non- oscillatory  in  the  troposphere, 
and  therefor#  non#  of  tham  can  sxist  as  stationary  free  waves  over  level 
(round. 


In  the  intermediate  spectral  interval  1^<L<^  the  waves  are  sub- 
critical  in  tbs  stratosphere  and  supercritical  (oscillatory)  below  a  certain 
level  In  the  troposphere.  80  there  is  at  least  a  possibility  for  lee-wares 
In  this  interval,  just  as  in  Scorer's  aodel.  The  solutions  here  are 

Stratosphere:  o  »  C  exp(-Xz),  X  « 

Troposphere  :  «  -  zi  [A  Fy(kz)  +  B  Cv(k»)  ).  v  «  h0k0. 

9k*  combined  boundary  condition  at  the  tropopause  (3k)  gives 

(*h8  -  *)(A  Fv(khs)  +  B  Gv(kh,) )  ♦  kh8(R^(kh,)  ♦  B  G^kh,}]-  0 

where  the  accent  denotes  differentiation  with  reference  to  the  argument.  If 
the  solution  is  a  fire*  wave  over  level  ground,  its  boundary  condition  at  the 
ground  is  m(h0)  ■  0,  or 


A  ^(k^)  ♦  B  0,(1^)  -  0 

Elimination  of  A  and  B  givec  the  following  equation  for  the  determination  of 
the  wave  numbers  cf  the  free  resonance  wavs*, 

(35)  °»(kho)t(>h*  *  ifrvO*.)  tkhsF;(khs))  X.y^hf. 

-  P^khoHfXh.  -  *)M**,)  +  kn8G;(ko,)).  »  *  W, 

This  equation  cor." isponda  to  equation  (27)  in  Scorer's  modal,  mad  may  be 
solved  graphically  in  the  bsm  way  when  the  values  of  the  basic  parsMtsri 
are  specified.  It  is  fairly  clear  that  the  necessary  condition  for  the 
existence  of  s  resonance  wave  is  that  the  spectral  interval  I^-vL  is  suf¬ 
ficiently  vide.  And  further,  since  the  zeros  of  7y  and  0„  are  more  widely 
separated  the  larger  the  vind  shear,  the  Interval  needed  to  lncludt  a  free 
wave  must  increase  with  the  shear.  Vkirtele  found  that  s  sufficient  condi¬ 
tion  for  a  lee  wave  la  that  the  ratio  L,/!^  exceeds  a  certain  mafeer  which 
is  a  function  of  the  vind  shear  (or  more  precisely  s  function  of 
v  •v2*j0/lt)). 

If  a  free  wave  exists  in  the  LQ-*L  interval,  it  will  nprer  as  s 
distinct  resonance  lee-wave  down  vind° from  the  mountain  starting  with  a  lee 
trough  at  the  mountain.  It  vill  be  most  strongly  excited  if  its  wave  lec^th 
is  ccmpareble  to  the  effective -noun tain  width.  The  remaining  contribution 


to  the  flow  pattern  com*  mainly  from  the  long  wi  components  IPt,  which 
in  supercritical  is  th«  upper  layer  ead  hence  e  continuous  spectrum  of 
possible  free  wares,  10  attain  uniqueness  the  components  whose  phase 
in  the  upper  layer  Is  kx+Xs  are  used,  as  in  Quamay's  and  8ccrar's  aodela. 

Pale  [lb)  solved  (3$)  graphically  for  several  maser  leal  sia^lse 
which  were  chosen  to  ressafcle  observed  conditions  over  the  Sierras  on 
days  with  well  developed  lee- waves : 

(i)  December  18,  1951  (See  figures  3. 11  and  3.1b.  )  The  height  of 
the  tropopauee  above  the  pound  was  about  8  ka.  la  the  troposphere  the 
wind  could  be  roughly  approximated  by  a  constant  wind  shear  with 

U„  ■  10  ne“l  at  the  pound  level  increasing  to  Ug  •  JO  me-1  at  the  trepo- 
pause.  Ihe  average  tropospheric  lapse  rets  was  about  7°  par  ka.  These 
values  give 

l9  •  15  ka,  hQ  -  2  ka,  v  •  2.1. 

The  ly*Lp  interval  Is  Just  wide  enough  to  include  a  resonance  wave.  The 
graphical  solution  of  (3$)  gave  If  »  lb. 7  ka  which  is  nanr  the  upper  and 
of  Interval.  This  agrees  rather  well  with  the  wave-length  of  the  ob¬ 
served  lee-wove  which  wee  e  little  longer  (between  15  and  16  ka).  The' 
lee-wave  was  strongly  developed  from  early  earning  till  late  afternoon, 
with  vertical  velocities  in  excess  of  15  ns~l.  It  persisted  with  consider¬ 
able  intensity  well  into  the  stratosphere.  One  sailplane  roe*  to  11. 5  ka 
above  the  valley  floor  at  about  10  a.a.,  end  snot. ter  to  10  ka  at  b  p.a. 

Tho  strong  development  was  probably  caused  by  the  combination  of  two 
effects:  (a)  The  resonance  wave  length  is  comparable  to  the  "effective" 
width  of  the  Sierra  profile  (see  figure  12.3)  and  is  therefore  excited 
to  considerable  amplitude,  (b)  The  resonance  were  laraps  it  very  close  to 
the  critical  wave  length  in  the  stratosphere,  so  X  «  \v~ Is  very  email. 
The  seplltuda  therefore  decreases  very  slowly  with  height  in  the  strato¬ 
sphere.  The  contributions  from  the  supercritical  components  near  1*  may 
also  be  quite  significant  in  this  case,  particularly  in  the  stratosphere 
where  their  seplltude  is  independent  of  height.  K  model  with  the  seme 
wind  distribution  and  stronger  stability  In  the  troposphere  has  a  mealier 
value  of  Lq  and  therefore  a  wider  Lr-Lp  interval.  Par  example,  a  lapse 
rate  of  5°  per  kilometer  gives  *  kX  km,  and  the  resonance  wave  length 
is  Ij.  -  13*3  ka,  well  inside  the  interval. 

(ii)  January  30,  1952.  (See  figures  3.22  and  3.2b)  The  tropo¬ 
pauee  wea  also  on  this  day  located  about  8  kilosMters  above  the  floor 
of  the  Owens  Valley.  The  wind'  Increased  from  U0  ■  7  ms'1  at  the  ground 
level  to  U#  •  30  me'1  at  the  tropopmuse,  and  the  average  lapse  rate  was 
about  7°  per  km.  These  values  give 

\  -  9  km,  ho  -  5  ka,  ^  -  2. b  km,  v  .  3.1. 

Again  the  interval  is  Just  vide  enough  to  include  a  free  resonance 

wave,  namely  If  -  8.3  km.  As  shows  in  figure  3.22,  the  observed  resonance 
wave  consists  of  a  veil  developed  train  of  lee  waves  extending  down  wind 
from  the  Sierra  crest  vlth  nearly  uniform  wave  length  end  amplitude. 

The  observed  wave  length  is  about  8  km,  which  again  agrees  very  well  with 
the  value  predicted  by  the  theoretical  model.  The  observed  amplitude 
is  mill  tr  than  on  Secatoer  18,  probably  because  the  resonance  were  is 
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so  such  shorter  than  the  effective  vidth  of  the  mountain. 

(my  February  l6,  1952.  (See  figures  3*26  end  3-30)  The  2100E- 
soundlng  frost  Merced  shove  the  tropopause  at  9  km  above  the  Owens  Valley 
floor  vlth  a  temperature  lapse  rate  of  7*3°  per  kilometer  in  the  tropo¬ 
sphere.  The  ra-ylnd  sounding  at  Karced  shows  a  practically  uni  for®  wind 
shear  of  6.6  me"*  per  kllceieter  as  far  as  it  vent.  Extrapolation  upward 
vlth  the  saae  shear  gives  the  wind  speed  Ua  »  67  ms"*  at  the  tropopause. 

The  speed  at  the  level  of  the  Owens  Valley  is  U0  -  7*7  us'1.  These  values 
give  a  aodel  with 

L#  -  20  km,  Lo  -  4.9  ka,  ^  -  1.2  kat  v  1.4. 

The  L„  1^,  interval  is  rather  wide,  but  not  vide  enough  to  Include  a  free 
resonance  wave  since  the  value  of  v  is  so  small  in  this  case.  Equation  (?v) 
is  not  satisfied  for  any  wave  in  the  interval.  The  linear  extrapolation  of 
the  wind  profile  in  the  upper  troposphere  probably  gives  an  overestimate  of 
the  wind  at  the  tropopause.  The  analysis  of  the  geostrophic  wind  field  and 
the  thermal  wind  on  the  upper  level  maps  suggests  a  much  ■Miller  wind  shear 
as  indicated  by  the  dotted  extrapolation  of  the  wind  profile  in  figure  3. 30. 
This  extrapolation  gives  U8  ■  50 ms and  a  smaller  value  for. the  mean 
tropoept  eric  wind  shear,  so  we  get  a  Model  with 

1.0  »  15  km,  I*  -4.9  km,  ^  .  1.6  la,  v  -  2.1. 

The  model  is  In  fact  rather  similar  to  that  of  December  18  in  (i).  But 
(39)  gives  no  free  resonance  wave  in  tnls  case.  The  observed  flow  pattern 
in  figure  3 .26  shows  a  strongly  developed  lee- wave  vlth  a  wave  length  of 
21  ka.  According  to  the  interpretation  of  the  theoretical  two-layer  model 
this  wave  can  not  be  a  distinct  resonance  wave  which  is  repeated  periodical¬ 
ly  downstream.  Rather  it  must  be  the  resultant  of  a  continuous  spectral 
band  of  supercritical  wave  components  with  L>Lj .  Since  the  critical  wave 
length  is  nearly  the  same  as  the  effective  width  of  the  Sierra  profile  in 
this  case  (see  figure  12.3),  <*•  should  expect  that  the  shortest  of  the 
supercritical  components  near  Lg  are  most  strongly  excited.  The  observed 
flow  pattern  agrees  rather  well  with  this  interpretation.  We  also  note 
that  the  amplitude  of  the  observed  wave  persists  with  practically  undlmln- 
ished  intensity  at  high  levels,  which  is  a  feature  characteristic  of  the 
supercritical  wave  components. 


6.  Multiple- layer  model  with  constant  stability  and  constant  wind 
shear  In  each  layer  ( Palme  model).  -  Let  the  interfaces  be  labeled  consecu¬ 
tively  upward#  fey  the  nmbers  n  =  1,  2,  3-  ••  As  in  the  earlier  models 
n  »  0  represents  the  ground  level.  Let  Un  denote  the  speed  at  the  n52  interface 
Yn  the  constant  temperature  lapse  rate  in  the  layer  above  it,  and  Bq  the 
thickness  of  this  layer.  The  F- parameter  is  discontinuous  at  the  inter¬ 
face  because  of  the  change  in  lapse  rate.  Its  value  on  the  upper  aide  of 
the  n£3  interface  ie 


Tn  -  oa8/ui  »  lg  • 

The  wind  at  the  level  1  in  the  layer  above  is 


V  -  U'z  -  l^U/hJ, 


with  t  Matured  from  a  reference  level  at  the  depth  hjj  below  the  n& 
interface  where  the  apaad  of  the  extended  layer  la  taro,  (Ibis  ref¬ 
erence  level  la  different  for  each  layer. )  the  corresponding  P» 
paraaatar  la  the  layer,  aa  la  (29),  la 

*»)  -  (V*)2  -  (W*)2 


and,  aa  la  (30),  the  wave  aquation  la 

u"  ♦  [(k^/i)2  -  k2]w  «  0 


which  baa  the  general  aolutloo  la  (»  namely 
(32)  «  -  a^l^F^ka)  ♦  B^k*)] 

with 

*2  ■  (V’n)2  "  t  *  O^)2* 

the  sliding  vortlcity  at  the  n^  interface  is 

Au  «  -  CAU'a  -C(Ua/hn  -  UQ.1/hn.1) 


where  again  A  denotea  the  difference  between  the  values  over  and  under  the 
interface.  Application  of  Individual  tine  differentiation  and  subsequent 
substitution  of  Ujj  •  -vt  gives  the  boundary  conditions  at  the  n*“  Inter¬ 
face 


(36) 


-  (ha_i  ♦  *a_i.)A(ln  “)'  •  I  -(^-l  ♦  *n-l^^Kx 

Aw  -  0, 


When  the  difference  A  la  evaluated,  it  oust  be  renenbered  that  different 
reference  levels  *  ■  0  are  used  In  the  solutions  (32)  above  and  below 
.the  Interface  If  the  wind  shear  la  discontinuous  at  the  Interface.  In 
the  upper  solution  the  a!*"  interface  lies  at  s  ■  Za  the 
lower  solution  it  Ilea  at  s  »  hQ_1  +  ■h-1. 

In  an  □- layer  nodal  there  are  two  boundary  conditions  (36)  at 
each  of  the  n-1  Interfaces.  These  together  with  the  boundary  conditions 
at  the  ground  and  at  Infinity  give  a  eysten  of  2n  hcnogecoue  linear 
equations  for  the  determination  of  tha  da  constants  A*,  Bg  1b  the  n 
solutione  (32).  The  vanishing  of  the  determinant  of  this  eysten  given 
the  equation  which  determines  the  wave  auabere  of  the  Area  resonance  - 
waves,  If  any. 

Any  observed  distribution  of  stability  and  wind  along  the  vertical 
any  In  principle  be  approxlnated  as  accurately  ai  desired  by  ebooelag  e 
sufficient  nvnher  of  layers.  However,  the  equation  which  determines  the 
resonance  waves  nust  be  solved  graphically,  and  the  numerical  labor 
becomes  almost  prohibitive  for  a  model  with  too  nany  layers. 


As  a  first  test  of  the  multiple  layer  model  above,  Bain  considered 
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a  four  layer  approx iaat Ion  of  the  situation  on  Deceaber  18,  1951,  the 
situation  vhich.vaa  compared  with  the  two  layer  model  in  exaagple  (i)  in 
the  preceding  section .  The  0700  P  -  sounding  at  Merced  (fig.  3*14)  shows 
&  pronounced  inversion  layer  a  short  distance  above  the  mountain  crest. 
This  appears  to  be  a  rather  typical  feature  of  situations  with  lee-waves 
in  the  Sierras.  To  take  account  of  it,  the  troposphere  was  represented 
by  the  following  three  layers: 


Bottom  layer: 

3o  -  1.5  km. 

Inversion  layer: 

Hx  »  0.5  km. 

YX  -  -5°  km-1. 

Third  layer: 

Hg  -  6  km. 

Y2  *  7*8°  km"1. 

These  give  the  average  temperature  lapse  rate  7°  per  kilometer  for  the 
entire  troposphere  which  was  used  in  the  two  layer  model.  The  model  is 
otherwise  the  same  as  the  earlier  two  layer  model.  The  dynamic  parameters 
at  the  bottom  of  each  layer  are 

hQ  -  2  tan, 

Lq  »  7.4  km, 

vo  " 

h-^  ■  3*5  km. 

1^  -  4.7  km, 

*  4.7 

hg  «  4  tan. 

Lg  «  13-3  km, 

«g  *  1.8 

ha  »  10  km, 

Ls  -  15  km, 

vs  "  * 

for  L<L.  the  solution  is  u>  exp  (-Xz)  in  the  stratosphere,  and  it 
Is  given  by  (32)  in  each  of  the  three  tropospheric  layers.  The  c cabined 
boundary  condition  at  the  troposphere  is  -hsi(ln  «)'  »  1,  os  in  (3b).  At 
the  two  tropospheric  interfaces  bounding  the  inversion  layer,  since  the 
wind  shear  is  continuous,  the  boundary  conditions  are  Au  •  0  and  Aw'  «  0. 
Par  a  free  wave  the  boundary  condition  at  the  ground  is  Kh^)  »  0.  These 
give  six  homogenous  equations  which  determine  the  constants  Aq,  Ba  of  the 
solutions  (32)  in  the  three  tropospheric  layers.  The  vanishing  or  the 
determinant  of  the  system  determines  the  wave  nuafeer  of  the  free  resonance 
wave.  Solving  this  equation  graphically.  Fain  found  Iy  »  13. 3  km.  We 
recall  that  this  is  the  same  as  in  the  two- layer  aodel  if  the  average 
tropospheric  lapse  rate  la  changed  from  7°  to  5°  per  kilometer.  The  In¬ 
version  layer  appears  in  this  respect  to  have  the  same  dynamic  effect  as 
an  Increase  of  the  tropospheric  stability. 

Palm  tried  out  a  further  l^roveaent  of  this  four  level  aodel  by 
assuming  that  the  wind  decreases  linearly  with  height  in  the  stratosphere. 
Since  no  wind  observations  were  available  from  the  stratosphere  on  Deceaber 
16,  1951,  be  arbitrarily  chose  a  wind  shear  of  -2.5  as*1  per  kilometer, 
that  is,  one  half  of  the  tropospheric  value.  Aside  from  this  feature  the 
modal  was  the  same  as  the  four  level  aodel  above.  The  solution  of  the 
wave  equation  is  now  given  by  (32)  in  all  four  layers.  The  reference  level 
s«0  for  the  three  tropospheric  solutions  is  at  the  depth  ^  »  2  km  below 
the  ground  as  before.  Tor  the  stratospheric  solution  the  reference  level 
is  20  kilometers  above  the  tropopeuse  and  *  8.3.  If  a  small sr  wind  shear 
bad  been  chosen  the  reference  level  would  be  higher  19  and  v  would  be 
larger  (beyond  the  range  of  Morgan's  tables).  The  solution  has  an  oscil¬ 
latory  singularity  at  the  reference  level  where  the  basic  flow  la  taro. 

The  supercritical  wave  components  remain  oscillatory  all  the  way  down 
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to  the  tropopeuse.  But  the  subcritical  wrt  cc— onents  become  bob- 
oscillatory  same  distance  above  the  tropopause. 

The  vorticity  discontinuity  at  the  tropopause  is  50 $  greater  in 
this  model,  so  the  boundary  xmdition  is  nov  -hsi(ln  «*)'  »  1.5*  The  other 
boundary  conditions  are  the  asms  os  before.  The  graphical  solution  of  the 
equation  vhlch  determines  ths  free  resonance  versa  gave  tab  values,  namely 
a  s uncritical  resonance  wave  vith  1*.  -  13  >2  km  and  a  supercritical  res¬ 
onance  wave  vith  1^,  ■  20  km.  The  first  is  ths  ssbm  as  In  the  four  layer 
model  without  sheer  in  the  stratosphere.  The  supercritical  resonance 
vave  is  due  to  ths  stratosphere  c  vind  sheer.  The  continuous  spectrum  of 
supercritical  resonance  waves  in  the  models  with  cons  tent  wind  in  the 
stratosphere  is  replaced  by  one  single  supercritical  resonance  mere  in 
this  model  vith  decreasing  wind  in  the  stratosphere. 

Palm  evaluated  the  contribution  to  the  reeultant  flow  over  the 
Sierras  tr cm  these  two  resonance  waves  if  the  Sierra  profile  la  sgproofr- 
iaated  by  the  curve 

(37)  Co  ■  -(h/w)  tan-1(x/a), 

which  represents  a  smooth  lovnvind  slops  From  a  plateau  to  a  level  plain. 

A  rough  fit  of  the  Sierra  profile  was  obtained  by  choosing  for  the  height 
of  the  plateau  h  ■  2  km,  and  the  effective  "width"  of  the  slope  2%  «  6  km, 
(see  Figure  12.3).  The  vertical  velocity  down  this  mountain  slope  is 

(38)  vc  .  .  -  “£(1  +  (i)8)-l 

which  has  the  Fourier  integral  representation  in  (23)*  Ths  wind  speed  at 
ground  level  on  December  18,  1951  was  shout  10  m*“*,  which  gives  a  — 
vertical  downdraft  half  way  down  the  slope  (at  x»0)  of  shout  7  ms"1. 

The  contribution  to  the  vertical  velocity  From  the  two  resonance  waves 
is  shown  in  Pig.  12*5,  reproduced  fTon  Palm's  report.  The  short  wave 
dominates  at  low  levels.  It  starts  vith  a  lea  trough  half  way  down  the 
slope  and  has  maximum  vertical  velocities  in  excess  of  6  ns"" about  one 
kilometer  above  the  mountain  top.  This  is  the  region  where  the 
vertical  updraft  was  encountered  on  the  sailplane  flight  2006  at  the 
time  0900-1200P,  see  Figure  3>U.  But  the  observed  vertical  velocities 
were  much  greater  than  the  values  predicted  by  ths  theoretical  model. 

The  long  supercritical  resonance  vave  predominates  at  levels, 

which  also  seems  to  agree  in  a  qualitative  way  vith  the  observed  flow. 

But  again  tbs  vertical  velocities  in  the  modal  are  much  —n— 
the  observed  values. 

Palm  did  not  evaluate  the  contribution  to  the  resultant  flow  pat¬ 
tern  from  the  remaining  part  of  the  spec  trim,  the  Fourier  Integral  being 
too  coaplicated.  The  main  function  of  this  t —lining  part  of  ths  field 
is  to  remove  the  discontinuity  in  Fig.  12.5  along  the  vertical  at  x  ■  o 
and  give  the  appropriate  downdraft  in  (38)  along  the  mountain  slope.  It 
is  rather  unlikely  that  this  part  of  the  field  would  help  to  ac court  for 
the  discrepancy  between  the  observed  and  predicted  values  of  the  vertical 
velocity  m^litude.  a  more  plausible  explanation  mey  be  that  the  curve 
in  (37)  is  a  poor  approximation  of  the  Sierra  profile.  He  have  alraady 
noted  that  the  amplitude  of  the  resonance  wave  is  most  strongly  excited 
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when  it*  wave  length  la  comparable  to  the  effective  Mountain  width.  It 
would  therefore  be  of  Interest  to  repeat  Pain  calculation  for  a  profile 
with  a  wider  slope,  say  2*a  ■  12  km. 

Pals  evaluated  the  contribution  to  the  pressure  pertvr  ation  from 
the  two  resonance  waves.  He  found  a  maxima  amplitude  of  1.2  millibar  at 
the  ground  with  low  pressure  under  the  streamline  troughs  and  high  pres¬ 
sure  under  the  create .  Tbe  pressure  field  has  a  nodal  plane  at  the  level 
ol'  maximum  vertical  velocity  and  the  horizontal  pressure  gradient  is  re¬ 
versed  shove  this  level  with  low  pressure  at  the  streamline  crests  and  high 
pressure  at  the  troughs.  Ibis  is  of  course  In  agreement  with  the  general 
results  derived  earlier  in  chapter  9.  If  the  amplitude  of  the  resonance 
wave  la  augmented  by  a  factor  of  3  so  as  to  bring  it  up  to  the  observed 
value,  the  max  Isom  pressure  eaplltude  becaaes  3.°  millibars  which  would 
mean  maximum  altimeter  errors  of  about  *30  meters  in  this  very  strong  lee¬ 
way  e.  Ibis  agrees  with  other  numerical  estimates  of  the  altimeter  errors 
in  chapter  9* 
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APnaroix  a 

RKiucnc*  or  nuacnc  ekea 

Photo-theodolite  tracking  data. 


Sianary.  It  vu  the  reduction  of  the  tracking  data  which  posed  the 
biggest  obstacle*  to  the  project  and  upon  which  the  greatest  effort  was 
expended.  The  attempts  to  derive  useful  space  positions  from  the  tiacklag 
data  extended  over  a  period  of  four  years  ( 1951-1955 }•  Tbs  may  failures 
and  frustrations  which  preceded  eventual  success  were  due  primarily  to  the 
inherent  complexity  and  novelty  of  the  task,  aggravated  by  a  series  of  un¬ 
fortunate  developments .  It  had  been  hoped  that  the  flxst  test  flif  its  over 
the  Xsval  Ordnance  Test  Station  (X.O.T.S. )  rocket  range  near  Inyoke  n  in 
early  1951  would  provide  a  baa's  for  ooqmrison  of  relative  accurac  r  between 
Mitchell  and  Aakanla  phoV>-  theodolites  but  the  Ashanias  were  never  ised.  The 
later  flights  of  Phase  I  over  the  Owens  Valley  in  March  and  April  1 951  were 
intended  In  pert  to  furnish  inta  for  e  sample  reduction  routine  which  could 
be  tested  and  necessary  Improvements  in  the  techniques  collated  b<  fore  the 
start  of  the  1951-2  season;  toe  first  atteapt  failed  and  further  exfbrts  were 
discontinued  with  the  withdrawal  of  1.0. T.S.  from  active  participation  in  the 
Project  because  of  the  denands  of  nore  urgent  research.  The  loss  of  the 
levy's  assistance  in  data  reduction  was  e  serious  one  since  they  possessed 
all  the  experience  and  technical  knowledge  needed  for  evaluating  the  tracking 
data.  Later  when  the  computing  task  was  undertaken  by  the  Institute  of 
■ummrlcal  Analysis  at  the  University  of  California  at  Ioa  Angeles  (U.C.L.A. ), 
work  was  interrupted  several  times  for  long  periods  when  the  tracking  network 
was  re-surveyed,  when  funds  were  temporarily  unavailable,  and  when  the  In¬ 
stitute  underwent  a  change  of  administration  from  the  Bureau  of  Standards  to 
becoms  a  part  of  the  University  as  Bumsrlcs.l  Analysis  Research  (H.A Jt. ), 

The  work  was  resimwd  in  195k  by  project  personnel  of  the  Meteorology  Depart¬ 
ment  under  the  guidance  of  Dr.  Thomas  H.  Southard  of  1JI.H.  Publication*  of 
the  Aberdeen  Proving  Ground  and  of  I.O.T.S.  on  ballistic  trajectory  computa¬ 
tions  iron  tracking  data  and  results  of  the  19*1  sailplane  tracking  tests 
by  I.O.T.S.  were  made  available  to  the  project  in  195**  having  been  unknown 
earlier  or  unavailable  as  "restricted'1  information.  In  the  coding  of  the 
problem  for  the  SKAC*  electronic  computer  such  credit  is  due  Dr.  Southard 
and  Mr.  James  Dowd. 

The  method  proved  to  be  surprisingly  cooler.  In  the  following  sec¬ 
tions  are  described  the  raw  data  from  the  theodolites,  how  the  cameras  were 
timed  and  oriented,  and  the  system  of  coordinates  chosen,  evaluation  began 
with  the  measurement  of  the  position  of  the  image  on  the  ilia.  Tram  this, 
asimutb  and  elevation  angles  were  determined  after  a  series  of  corrections 
had  been  spiled  -compensation  for  tracking  errors,  instrument  errors,  curv¬ 
ature  of  the  earth,  the  reference  ryttm,  etc.  The  space  positions  ware  then 
computed  from  the  corrected  angles  by  trlangulatloa.  IJJI,  (International 
Business  Muhins)  punch  cards  wera  used  for  coding  the  routine  and  the  data, 
the  cogitations  were  performed  on  SHAC,  and  the  final  results  giving  posit  Iona 
and  an  estimate  of  their  accuracy  were  printed  in  tabular  fan. 


*A11  of  the  high  speed  computing  machines  used  in  the  Unite!  States  have 
abbreviated  names.  SWAC  stands  for  Bureau  of  Standards  Wester  Automatic 
Computer. 
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The  photo- theodolite .  A  photograph  of  one  of  the  three  Mitchell  photo¬ 
theodolites  used  in  'ike  tracking  operation  Is  shown  with  its  crew  at  one  of 
the  stations  In  Fig.  A.l.  A  scheaatlc  drawing  of  the  lnatruaent  is  presented 
In  Fig.  k,Z,  with  the  lettered  parts  corresponding  to  the  following  nomen¬ 
clature: 

A  stationary  horizontal  wonwheel 
B  azimuth  handwheel 
C  norib  le  vertical  vormwheel 
D  elevation  handwheel 

E  telescope  eyepiece  lens 

F  telescope  crosshairs 

0  telescope  prlsa 

H  telescope  objective  lens 
I  camera  filter 
J  camera  lens 
K  camera  light  atop 
L  camera  right-angled  alrror  or  prlsa 
N  azimuth  and  elevation  Indicator  unit 
0  large  prlsa  of  indicator  optical  system 
'  ltns  of  indicator  optical  system  • 

Q  small  prlsa  of  Indicator  optical  system 
R  oamera  shutter 
S  camera  film  aperture  or  mask 
T  film 

The  instruments  vere  manually  operated  In  tracking  the  sailplane.  The 
camera  was  operated  electrically  by  pulses  which  at  regular  5-second  Intervals 
recorded  piiotographlcally  on  35  ms  film  the  Image  of  the  sailplane  and  its 
vicinity  si  d  the  frame  number  and  the  aslauth  and  elevation  Indicators  of  the 
optic  axis  of  the  theodolite.  A  ssaple  frame  of  theodolite  film  la  shown  In 
Fig.  A.3. 


There  are  three  effects  of  the  optical  projection  of  the  sailplane 
Image  on  the  film  that  are  briefly  noted  here  and  discussed  In  more  detail 
below.  First,  since  distances  on  the  film  represent  various  angles  In  the 
sky  while  azimuth  refers  to  the  horizon,  and  elevation  to  great  circles  through 
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Fi9.  A.  4  -  SwktaiCic  draviag  of  fi  im  roodiof  UcloifN  akoviag  filo, 
|ri<  Mitpluc  1M||,  fit!  r*«4»|a,  md  norototod  primary  tracking 


the  zenith,  true  vertical  and  horizontal  line*  with  respect  to  the  theodolite 
were  rotated  on  the  file  by  an  aaount  equal  to  the  elevation  ancle  of  the 
optic  axis.  Second,  "left"  and  "right"  alone  the  true  horizontal  plane 
were  reversed  In  the  film  free  their  relationship  in  the  sky  with  respect  to 
the  observer.  Third,  the  sailplane  which  appeared  to  the  observer  at  tone 
point  in  the  spherical  coordinate  system  of  the  sky  was  projected  onto  the 

•  flat  plane  of  the  film,  thus  Involving  a  certain  aaount  of  aeasurable  distor- 

•  tlan.  Consequently,  when  reading  the  flla  end  caputlng  the  "true"  or  most 
probable  azlruth  and  elevation  of  the  sailplane  from  each  theodolite,  one 
had  to  make  allowances  and  corrections  for  these  effects.  These  ware  known 
as  tracking  corrections  and  would  all  have  been  obviated  had  It  been  possible 
to  keep  the  sailplane  exactly  in  the  center  of  the  crosshairs. 


The  theodolite  network  and  tracking  procedures.  On  the  nap  in  Pig. 

1.2  are  show  the  location  of  the  three  photo- theodolites.  The  station  des- 
lgnated  Seven  Pines  (7  P)  was  at  an  elevation  of  52$k  feet,  that  at  the  Ball 
Park  (BP)  in  Independence  at  an  elevation  of  390h  feet,  and  the  third  at 
Manzanar  (M)  at  an  elevation  of  3836  feet.  The  three  stations  were  connected 
by  wire  land  lines  with  each  otlier  and  with  the  synchronous-motor  timer  In 
the  control  van  at  the  Manzanar  airstrip.  Electrical  impulses  originating 
at  the  timer  were  used  to  actuate  the  operating  solenoid  on  each  photo- 
theodolite  at  5-second  Intervals.  Intercaeeur.ication  by  radio  and  telephone 
was  also  maintained  aranng  the  stations  for  coordination  of  the  tracking  effort. 

At  each  of  the  station  sites  a  stout  16  Inch  square  wooden  post  was 
sunk  deeply  and  firmly  with  its  top  about  k  feet  above  the  ground  (Pig.  A.l). 
Prior  to  and  immediately  after  the  tracking  flight,  orientation  photographs 
were  made  at  each  station  by  focusing  on  a  signal  mirror  or  light  flashed 
at  a  reference  station  In  direct  line  of  Bight.  These  recordings  of  the 
aslaith  and  elevation  dials  were  made  In  both  the  forward  and  &mped  (reversed) 
position.  From  both  Ball  Park  and  Manzanar  it  was  possible  to  see  the  Seven, 
Pines  theodolite  and  vice-  versa,  so  that  the  operators  at  the  first  two  made 
two  sets  of  orientation  readings  far  sach  flight  while  the  crew  at  Seven  Pines 
mads  four  sets;  the  reference  station  for  Seven  Pines  van  Ball  Park.  Films 
were  Identified  by  flight,  date,  and  station. 

During  the  tracking  run,  time  correlation  was  maintained  by  periodic 
"blackouts"  which  were  effected  simultaneously  at  each  station  on  a  count¬ 
down  Aram  the  flight  control  by  placing  an  object  over,  the  telescope  lens 
of  the  camera. 


Some  failures  yd  errors  of  the  photo- theodolite  tracking  method.  The 
limitations  and  qualifications  In  the  use  of  photo- theodolites  were  many,  and 
ranged  In  order  of  magnitude  from  those  unfortunate  catastrophes  and  unfore¬ 
seen  circumstances  that  prevented  the  securing  of  any  useful  data  and  null¬ 
ified  the  entire  flight  to  certain  errors  which  were  either  so  that 

they  could  be  neglected  or  were  of  such  a  random  and  indeterminate  nature  that 
they  could  not  be  corrected  for..  Between  these  extremes  in  limitations  were 
some  errors,  many  of  which  were  rather  large,  which  could  be  corrected  for 
in  a  satisfactory  manner.  The  various  defects  in  these  three  groups  will  be 
considered  briefly  here. 

Of  the  gross  mechanical  failures  that  prevented  tracking  coverage  of 
whole  flights  or  parts  of  flights,  one  that  was  quite  couson  was  the  failure 


of  pulses  at  on*  or  more  of  th*  station*.  These  v«r*  usually  a  result  of  the 
land  lines  having  been  severed  by  predators  or  by  snow  removal  equipment. 
Another  cneisnn  reason  for  no  theodolite  tracking  data,  and  th*  only  cause  not 
preventable,  vas  th*  obscuring  of  th*  target  by  intervening  clouds  or  bloving 
dust.  A  fev  operations  had  to  ba  cancelled  for  this  reason  vhila  on  aany 
others,  parts  of  the  flight  path*  could  not  be  tracked.  Later  in  th*i  season 
Installation  of  th*  electronic  "Raydist"  system  served  to  overcome  these  gsps. 
While  black  and  white  film  vas  used  generally  in  th*  theodolite  cameras,  color 
film  vas  employed  on  the  last  several  flights  of  the  season.  It  had  an  ad¬ 
vantage  over  black  and  vhlte  film  in  making  it  easier  for  the  film  reader  to 
locate  the  orange  sailplane  against  the  sky  or  clouds,  but  the  serious  dis¬ 
advantage  that  the  dials  photographed  indistinctly  and  for  large  portions  of 
some  flights  were  unreadable.  Also  a  real  disaster  and  cause  for  anguish 
occurred  when  a  rather  isportant  flight  vas  nullified  because  the  color  film 
vas  ruined  by  incorrect  processing.  The  inability  of  the  thsotolita  operators 
to  remain  on  target  at  all  times,  especially  vhen  the  vas  near  th* 

direction  of  th*  sun  from  the  station  or  at  low  angles,  vas  responsible  for 
same  gaps  in  th*  theodolite  tracking  data.  Finally,  same  Infrequent  "stutter¬ 
ing"  of  the  pulsing  mechanism  and  the  consequent  exposure  of  more  than  twelve 
frames  per  minute  caused  some  data  to  be  discarded. 

Certain  errors  which  vere  peculiar  to  each  instrument  or  which  ware  de¬ 
pendent  on  th*  mounting  of  the  theodolite  far  each  flight  could  be  effectively 
measured  and  corrected  for.  These  ware: 

1)  Lena  col  U  net  Ion  correction.  This  vas  a  constant  error  of  the 
optical  parte  of  th*  inatruaent  which  affected  the  meesurmnent  of  the  Image 
on  the  film.  Because  of  a  certain  lack  of  alignment  of  the  optical  parts, 
the  "base  of  the  film"— where  th*  film  vas  intersected  by  th*  line  through 
the  rear  nodal  point  of  the  lens— did  not  quit*  coincide  with  the  center  of 
th*  frame  as  defined  by  the  cross  hairs  isprinted  on  th*  film  by  a  pressure 
plate  in  the  camera  and  defined  by  th*  notches  of  the  mask.  These  errors  vere 
determined  from  the  forward  and  dumped  orientation  measurements.  The  vertical 
term  was  a  constant  correction  to  elevation  while  th*  horlsontal  tens  vas  a 
varying  but  systeamtlc  correction  to  azimuth. 


2)  Zero-point  correction  in  azimuth.  The  "zero"  azimuth  reading  for 
both  the  Ball  Park  and  Nanxansr  theodolites  vas  along  their  lines  of  sight  to 
Seven  Pines  station  while  that  of  the  latter  was  along  its  line  of  sight  to 
Ball  Park.  That  this  reading  vas  not  exactly  zero  could  be  corrected  tram 
th*  forward  orientation  readings  in  azimuth. 


3)  Zero-point  correction  in  elevation.  Whatever  amount  th*  zero  read¬ 
ing  of  the  elevation  scale  vas  different  from  that  vhen  the  instrument  vas 
sighted  horizontally,  vas  determinable  from  the  orientation  readings  in 
elevation  corrected  for  colllmatlon  error  and  the  aomputed  elevation  of  th* 
reference  station  from  survey  data  taking  into  account  the  curvature  of 
th*  earth  and  the  direction  of  local  gravity.. 


Those  errors  which  vere  known  to  exist  or  vere  possible  but  for  which 
corrections  have  not  been  nade  are  listed  below.  These  errors  could  not  be 
corrected  for  practically  because  of  their  random  nature,  but  they  war*  be¬ 
lieved  to  be  small  in  most  cases;  all  were  smaller  than  estimated  film  reading 
errors. 
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1)  La«  cr  "backlash"  occurred  when  the  gears  of  the  vonowheel  did  not 
mesh  perfectly  with  those  of  the  counters.  Thus  the  lnstrment  might  have 
moved  slightly  before  the  counter  moved  and  this  would  hive  given  two  dif¬ 
ferent  readings  for  the  same  fixed  point  depending  on  the  direction  of  sweep. 
The  occasional  difference  of  one  or  two  mils  in  the  orientation  azimuth 
readings  of  an  instrument  suggested  this  possibility  but  because  of  its  in¬ 
consistencies  and  infrequency  it  could  also  have  been  caused  by  a  slight 
"play"  in  the  bolts  attaching  the  metal  has#  to  the  wooden  post.  Als<  a  move¬ 
ment  of  the  portable  signal  light  at  the  reference  station  by  several  feet 
would  have  caused  such  &  discrepancy. 


2)  Leveling  and  gravitational  error.  Since  great  care  was  taken  to 
mount  the  theodolites  by  spirit  levels  and  they  were  believed  to  be  leveled 
to  0.02  degree  ( 0 . 35  mil)*  maxi  man  error,  this  systematic  but  small  error 
was  ignored.  Variations  in  the  colllmatlon  and  zero-point  corrections  to 
elevation  between  flights  suggest  that  the  leveling  error  was  on  the  order 
of  ±0.2  mil.  This,  too,  could  have  been  corrected  far  had  there  been  addi¬ 
tional  surveyed  reference  marks  for  each  station.  Correlated  with  the 
leveling  error  is  the  neglect  of  the  variation  of  the  direction  of  local 
gravity  caused  by  the  proximity  of  the  great  rock  mass  of  the  Sierra  Nevada. 
Present  geophysical  data  indicate  this  to  be  negligible.  The  corrections 
for  variation  of  the  direction  of  local  gravity  associated  with  the  curvature 
of  the  earth  were  made  and  are  treated  below. 


3)  Effect  of  atmospheric  refraction.  A  correction  baaed  on  the 
assumption  of  a  Standard  Atmosphere  can  be  applied  (He Shane,  19^2),  but  cal¬ 
culations  have  shown  this  effect  to  be  very  small  even  at  law  angles  which 
were  infrequently  recorded.  However,  since  refraction  is  greatest  when 
sighting  along  or  at  a  small  angle  to  a  temperature  inversion,  and  it  is 
known  that  lee  waves  are  of  wen  associated  with  a  strong  inversion  which 
layer  partakes  of  the  wave  form.  It  is  quite  possible  that  this  effect  may 
have  been  Important  in  certain  flights  along  certain  lines  of  sight.  But 
it  could  not  be  solved  for,  practically,  in  the  routine  computations 
because  «t  depended  on  knowledge  of  the  teeperature  field  which  could  only 
be  approximately  known  after  all  the  sailplane  tracking  data  computations 
and  synthesis  had  been  completed. 


Motat£n.  The  symbols  used  below  have  the  following  meanings: 

a  azimuth  angle . 

reading  of  azimuth  dial  and  counter, 
corrected  azimuth  of  theodolite  i  (l  ■  1,  2,  3) 

t  elevation  angle . 

c  reading  of  elevation  dial  and  counter. 


*1600  ails  -  90°,  or  1°  -  17.778  ails. 
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corrected  elevation  of  theodolite  i. 

measured  distance  on  film  of  sailplane  from  vertical  reference 
line.  +  left,  -  right. 

measured  distance  on  film  of  sailplane  frcei  horizontal  reference 
line.  +  above,  -  below. 

primary  tracking  correction  in  azimuth. 

primary  tracking  correction  in  elevation. 

final  tracking  correction  in  azimuth. 

azimuth  corrected  for  tracking  error. 

elevation  corrected  for  tracking  error. 

adjusted  reference  azimuth. 

azimuth  measured  from  reference  azimuth,  positive  clockwise. 

N  constants  for  flight  or  portion  of  flight. 

angle  between  the  reference  azimuth  of  the  theodolite  and  the  direction 
of  the  origin  Aram  the  theodolite. 

azimuth  of  sailplane  from  the  reference  line  Joining  the  origin  with 
the  theodolite. 

the  angle  the  line  Joining  the  center  of  the  earth  with  the  theodolite 
makes  with  the  line  Joining  the  center  of  the  earth  with  the  origin 
of  the  reference  systms. 

azimuth  correction  for  curvature  of  the  earth, 
elevation  correction  for  curvature  of  the  earth, 
azimuth  colllmatlon  correct  ion. 

elevation  colllmatlon  correction.  • 

or  e  between  the  reference  line  Joining  the  theodolite  T.  with  the 
o.xgln  0  and  a  north*  south  reference  line  from  measured  in  the 
horizontal  plane  of  0. 

elevation  corrected  for  tracking  errors,  curvature  of  the  earth,  and 
colllmatlon  error. 


azimuth  corrected  for  tracking  errors,  curvature  of  the  earth,  colllam* 
tlon  error,  and  rotation  of  the  reference  line. 

0  origin  of  x,  y,  z  coordinate  systou 

T(X,Y,Z)  rectangular  coordinates  of  the  theodolite. 

P(x,y,x)  rectangular  coordinates  of  the  sailplane. 


rectangular  coordinates  of  projection  of  P  on  ray  defined 
bya1#  ti. 


ai,bi'Ci 


Z 

£i 
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direction  cosines  of  ray  defined  by  theodolite, 
altitude  above  seen  sea  level, 
vector  from  to  P^. 

slant  range  of  "sailplane"  fron  theodolite. 

residual  components  x^-x,  y^-y,  and  2j-x,  respectively, 
representing  the  vector  betveen  P  end  P^. 


Pi  In  reading  and  measurement.  The  films  from  the  photo-theotolltes 
were  processed  and  developed  at  the  Raval  Ordnance  Test  Station,  Inyokern. 

Most  of  these  films  vere  read  and  recorded  by  the  tracking  teem  in  Independence 
later  at  U.C.L.A.  many  of  the  films  vere  checked  and  re-read.  Reading  vas 
done  on  a  Model  C  Recordak  Film  Reader.  From  knowledge  c  f  the  focal  length 
of  the  cameras,  a  circular  grid  vaa  constructed  on  a  transparent  overlay  for 
the  viewing  screen  so  that  angular  distances  of  the  sailplane  frosi  the 
center  of  the  film  could  be  read  when  the  periphery  of  the  grid  circle  of 
$0  mils  diameter  vaa  aligned  exactly  with  the  notched  references  of  the 
projected  film  frame.  This  relationship  is  illustrated  In  Fig.  A.U. 

The  readings  for  each  frame  for  each  station  had  five  parts:  the 
frame  number,  the  complete  azimuth  (O  and  elevation  (cQ)  dial  readings  in 
mils,  and  the  unrotated  primary  tracking  corrections  to  these  readings 
(Aaltfg  «£)  consisting  of  the  distances  in  mils  of  the  sailplane  image  "right" 
or  "left"  and  above  and  below  the  crosshairs .  The  grid  vaa  scribed  in  mils 
and  the  Aa*  and  A  c£  readings  vere  recorded  in  alls  and  tenths  of  mils,  the 
tenths  figure  being  estimated.  Hie  accuracy  and  reproducibility  of  the 
corrections  thus  depended  on  the  careful  adjustment  of  the  film  frame 
and  its  mask  to  the  grid  circle  on  the  screen.  The  position  of  the  sailplane 
or  the  film  was  defined  as  the  center  of  the  cross  formed  by  the  wings  and 
the  fuselage. 

The  azimuth  and  elevation  indicators  consisted  of  two  parts  which 
together  vere  the  complete  "dial"  reading.  The  counter  numbers  indicated  the 
values  in  tens  of  ails  while  the  other  part,  the  sawtooth  scale  and  pointer, 
indicated  alls  and  tenths  of  mils.  Each  tooth  represented  two  ails,  so  that 
it  could  be  read  to  the  nearest  mil  and  estimated  to  the  nearest  tenth  of 
a  mil.  Estimated  reading  accuracy  vas  about  ±0.2  mil  average.  This  vas 
attributable  not  only  to  the  0.1  all  accuracy  in  interpolating  between  lines 
on  the  grid  but  also  to  the  error  in  alignment  of  the  film  — ud  the  grid, 
and,  perhaps,  by  slight  differences  in  focal  length  of  the  cameras.  Reading 
of  the  film  for  the  orientation  sequences  at  the  beginning  and  end  of  each 
flight  required  particular  care  and  the  accuracies  of  these  readings  were 
probably  ±0.1  mil  as  they  vere  re-read  and  checked  several  tlMs.  Also, 
certain  selected  frames  used  for  saaple  calculations  of  positions  vere 
treated  similarly  and  read  and  re-read  with  extra  care. 
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Recording  of  data  on  punch  cards.  The  data  for  each  frame  and  from  each 
theodolite  vert  recorded  on  a  separate  I.B.M.  card.  Ob  each  card  were  punched 
1)  an  identifying  code  n usher  giving  project,  flight,  station,  and  fraae 
hers;  2)  the  azimuth  and  elevation  dial  readings  in  alls;  and  3)  the  two 
tracking  corrections  in  alls.  After  all  the  data  to  be  used  in  position  com¬ 
putations  bad  'en  punched  they  were  listed  together  with  the  first  and  second 
differences  o*  ccesslve  aslauth  and  elevation  dial  readings.  The  latter 
figures  enabled  one  to  dat<  ct  gross  errors  caused  by  1)  alsreadlng  the  count- 
ers--v«ually  by  10  alls  as  a  result  of  Its  lag  with  respect  to  the  pointer;  2) 
miscounting  the  savteeth;  ;j)  wrongly  recording  the  reading,  e.g.,  by  trans¬ 
position;  4)  alsreadlng  the  data  sheet;  or  5)  *  alstake  in  punching. 


The  reference  systatu  All  of  the  station  locations,  Including  the 
photo- theodolites,  tEeraSr  set,  and  the  Raydist  units,  ware  determined  by 
first-order  surveys  by  the  Navy  in  1951  and  by  the  U.  S.  Coast  and  Geodetic 
Survey  in  1952.  The  results  from  the  two  surveys  were  quite  close;  those  tram 
the  U.S.C.O.S.  were  used  In  the  computations ,  The  geographic  coordinates  of 
the  theodolite  stations  were  given  to  an  estimated  accuracy  of  tl  foot  In 
altitude  and  ±0.1  foot  in  latitude  and  longitude. 

The  reference  system  chosen  for  the  reduction  problem  was  one  with  the 
origin  at  a  point*  In  Independence  which  point  was  the  location  of  the  central 
unit  of  the  5-unit  Raydist  system.  A  rectangular  coordinate  system  was  pre¬ 
scribed  such  that  the  (x,y)-plane  was  tangent  to  the  earth  at  the  origin  0  with 
the  positive  y-axls  pointing  to  true  north  and  the  positive  x-axls  In  the  east 
direction.  The  vertical  coordinate  z  was  parallel  to  the  direction  of  gravity 
at  0. 


geographical  constants.  In  order  to  compute  the  space  position  of  the 
sailplane  wltn  respect  to  the  reference  system  chosen,  it  was  necessary  to 
aake  appropriate  corrections  to  the  measured  angles  for  the  effect  of  the 
curvature  of  the  earth.  This  effect  can  be  appreciated  upon  considering  that 
the  theodolites  were  leveled  by  spirit  levels  according  to  the  direction  of 
local  gravity,  and  in  the  tracking  network  distances  were  of  the  order  of 
five  miles.  (As  an  illustration  of  this,  the  difference  between  the  absolute 
values  of  mutual  orientation  elevations  between  7  P  and  M  was  about  2  alls, 
that  from  the  higher  station  being  the  larger  since  the  curvature  effect 
augaants  a  negative  angle,)'  The  correction  to  the  measured  angles  was  a 
varying  but  systematic  one  dependent  cm  the  constant  angle  c  defined  by  the 
theodolite,  the  center  of  the  earth,  and  0,  and  on  the  azimuth  from  the  sta¬ 
tion.  The  accurate  computation  of  c  taking  into  account  the  eccentricity  of 
the  earth's  shape  Is  discussed  in  a  special  publication  of  the  U.S.C.O.S. 
(1946).  The  values  for  each  station  are  given  in  Table  A.l. 

Coordinates  of  the  stations  with  respect  to  the  origin  of  -the  reference 
system  were  computed  from  the  U.S.C.O.S.  survey  results  assuming  the  earth  to 
be  a  Clark  spheroid.  Other  geographic  constants  resulting  from  the  definition 
of  the  reference  system  and  the  geometry  of  the  tracking  network  end  required 
for  the  computation  problem  are  certain  angles  for  converting  to  north-south 
reference  azimuths  as  defined  above  in  the  list  of  notations  and  evaluated  in 
the  table  below. 


latitude  36°  47'  53.935";  Longitude  118°  11'  46.531";  Elevation  3,938  ft. 
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Table  A.l 


Stmt  ion 

i 

xi 

Y< 

z<  (ft) 

P 

1 

-18,990.9^3 

-  8,629.424 

+1305.9^7 

BP 

2 

-  2,177.706 

♦  4,236.982 

-  34.639 

)  ' 

3 

+14,779-92 

-22,510.819 

-  1:9.  ~M 

Station 

i 

aL 

c 

(radians) 

7  P 

1 

+0.226, 702, T 

+0.000,999,9 

+1.1+4,291,2 

BP 

2 

-1.392,351,7 

+0.000,228,4 

+2. 666, 829 > 4 

M 

3 

-0.599,309,3 

+0.001,290,9 

-0.530,960,1 

Determination  of  flight  constants.  In  order  y>  apply  the  necessary 
corrections  to  the  elevation  and  azisuth  dial  readings  one  had  to  determine 
the  flight  constants  from  the  reference  readings  and  ensign  certain  other 
limits  which  were  prescribed  by  the  geometry  of  a  particular  flight.  The 
first  group  were  the  flight  constants  a*,  cft,  and  ct— the  reference  azimuth, 
the  collimation  error  in  azinvtS,  and  the  collimation  correction  In  eleva¬ 
tion,  respectively.  cu,  cfl,  and  c,  were  determined  from  orientation  neasure- 
ments  and  vere  constant  for  each  station  for  each  flight.  They  were  com¬ 
puted  from  the  forward  (?)  and  dumped  (D)  and  beginning  (B )  and  end  (S)  read¬ 
ings  In  the  following  manner: 

«  -  «o  +  *eo 
p  >  aQ  +  AaQ  sec  < 

(These  were  nearly  exact  since  the  elevation  angles  vere  quite  small  and  hence 
there  was  little  rotation  or  distortion  of  the  usage  on  the  film.)  One 
computed  4  values  of  each  angle  for  BF,  3D,  EF,  and  £3.  The  values  for 
CpD  and  Sgp  vere  complements  as  the  elevation  counter  numbers  increased  as 
the  theodolite  was  rotated  through  l50°  ( 3200  mils)  or  more  in  elevation  to 
the  reversed  position. 

Then  ^  (“gy  ♦  «£y)  - 

ct  *  (*bf  +  *SF  “  *BD  “  CEI))  “  (*p  “  *D^ 

ca  “  *4  (°By  ■  °1D  ■  °ed)  *  (“p  -  ®d) 


A  further  refinement  of  c,  to  include  the  zero  point  correction  in  elevation 
was  defined  by  c*  -  ct  ♦  6t  where  6*  vac  the  difference  between  the  measured 
reference  elevation  corrected  for  collimation  error  and  the  angle  that  should 
have  been  measured  according  to  the  survey  data. 
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Hie  second  set  of  flight  constants  A,  B,  M,  and  •'  were  required  in  cod¬ 
ing  the  problem  for  the  SWAC  hign  speed  computer  so  the*-  all  angles  would  be 
less  than  2  w  radians  or  }60°.  These  were  also  needed  t  j  resolve  possible  am¬ 
biguities  in  the  azimuth  readings  which  were  in  ails.  Since  G*00  mils  cor¬ 
responded  to  one  revolution  in  azimuth  while  the  count  r  readings  continued  to 
9999*9  nils,  it  was  necessary  to  know  whether  the  inst  -ament  approached  a  given 
line  of  eight  to  the  sailplane  in  a  clockwise  or  a  coi  iter- clockwise  rotation 
from  the  reference  azimuth,  whether  it  made  more  than  jne  revolution  in  either 
direction,  etc .  The  constants  A,  B,  M,  and  N  were  de-  ermined  from  an  approx¬ 
imate  plot  of  uhe  flight  path. 


Corrections  to  the  measured  angles.  Many  of  ■*  ae  necessary  corrections 
to  the  dial  readings — whick  computations’* contributed  at  least  half  of  the 
complexity  to  tne  problem  of  determining  the  apace  p  sitions— have  beer,  dis¬ 
cussed  qualitatively  above  and  are  outlined  below  in  terns  of  their  quantita¬ 
tive  treatment.  They  are  grouped  according  to  tracking  corrections,  flight 
constants,  and  gecsietrlc  (geographic)  constants.  Tie  derivations  of  these 
equations  are  given  by  Trimble  and  "ellsr  (1951)* 

a.  The  initial  (punch  card)  data.  T..e  dial  readings  e0  and  «c  and  the 
unrotated  primary  tracking  corrections  Aa*  and  A**  ere  first  converted  to 
radians.  In  that  computation  and  in  all  subsequent  operations  the  results  were 
obtained  to  six  decimal  places. 

b.  Tracking  corrections.  The  corrections  'or  the  tilt  of  the  true 
vertical  axis  on  the  film  were  given  by  the  follow  _ng  equations : 

Aa0  -  Aa*  cos  a0  +  Ac  sin  e0 
Ac0  -  At0  cos  t0  -  Aa  sin  CQ 


The  smaller  effects  of  converting  the  position  oi  the  sailplane  image  on  the 
flat  plane  of  the  film  to  its  position  in  the  spi  erical  coordinate  system  of 
the  sky  were  corrected  for  by  the  formulas 

tan  Aa  ■  (tan  AaQ)/co3  ■.  z^ACq) 
and  ay  ■  a0  ♦  A  a 

sin  kj  ■  sin  (t^+Afo)  os  A<i0  (0<«y<tr/a) 

c.  Flight  constants.  Correction  for  reference  reading: 

Oy  ■Op-C^  if  ASfly-OjjiB 

otherwise  a^»M(a^-o^)  +  H 
/ 

Colllmation  corrections:  c  and  c^cos  t  (both  addel). 


n  - 


d.  Geographic  constants.  Correction  to  reference  line  to  the  oriflr 

a©  *  «t'  -  aL 

Correction  to  N  -  S  reference  azimuth:  s£ 

Corrections  for  curvature  of  the  earth: 

H  -  c  rln  «0  tan  tj 

<*  c  cos  Sq  (both  added) 

e.  The  corrected  angles.  The  final  confutations  giving  the  most 
probable  (or  best  determinable)  azimuth  and  elevation  angles  measured  in  the 
horizontal  and  vertical  planes  of  the  reference  system  for  each  frame  were: 

*i  *  *T  +  Aec  ♦  ce 

*  a0  +  A«c  +  a£  +  oa/ cos 

vhere  1  *  1,  2,  or  3  according  to  whether  the  station  was  7  P,  BP,  or  M. 

These  equations  were  specially  coded  for  rapid  computation  on  the  electronic 
computer.  A  sample  calculation  for  each  flight  was  performed  on  a  hand 
calculator  to  check  the  SWAC  routine  and  the  flight  constants.  In  the  SVXC 
computations  the  decimal  data  were  first  converted  to  binary  notation.  The 
flight  constants  were  punched  on  other  cards,  coverted  to  binary  form,  and 
Inserted  in  the  deck  of  command  cards  consisting  of  the  routine  and  the 
geographic  constants.  The  values  ^  and  were  stored  for  the  second  phase 
of  the  computation,  that  of  obtaining  space  positions. 


Computation  of  apace  positions.  If  there  were  no  errors  in  measure¬ 
ments,  and  would  be  exact  and  the  determination  of  the  position 
P(x,y,z)  of  the  sailplane  in  the  reference  system  could  be  computed  simply 
and  directly  from  the  angles  t.^t  of  one  theodolite  and  one  other  angle 
from  another  theodolite.  In  reality,  however,  there  were  random  errors  in 
the  measurements  so  that  the  true  line  of  sight  and  the  computed  line  of 
sight  to  the  sailplane  from  each  station  both  l^y  within  a  cone- like  ray; 
the  computed  lines  of  sight  did  not  intersect  in  a  point  except  by  rare  ac¬ 
cident.  What  one  wished,  then,  v as  to  determine  the  most  probable  point, 
a  more  reliable  approximation  to  the  true  point,  for  which  a  more  elaborate 
computation  method  was  required.  The  method  chosen  was  one  described  by 
Triable  and  Weller  (1951).  The  solution  is  given  by  two  steps: 

1.  Determine  a  set  of  points,  one  on  each  of  the  lines  of  sight, 
such  that  the  sum  of  the  squares  of  the  distances  from  each  point  determined 
to  every  other  such  point  is  a  minimum. 

2.  The  position  of  the  sailplane  is  defined  by  the  arithmetic  mean 
of  each  of  the  coordinates  of  the  points  determined. 

As  an  aid  in  estimating  the  reliability  of  the  final  result  and  as 
a  check  on  the  consistency  of  each  theodolite,  the  residual  differences  of 
the  coordinates  of  the  point  and  those  on  each  of  the  lines  of  sight  were 
computed. 
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The  procedure  for  three  set*  of  data  vu  as  follovs  with  all  coeqputa- 
tions  carried  to  6  declxal  places: 


Given : 


ai,  *1  U  -  1,  2,  3) 

0  <  a*  s.  2"  ;  0  <  t1  <  it  /2 


Confutation  of  direction  cosines: 


a^  ■  cos  sin 

-  cos  cos  0} 

CJ  ■  sin 


for  1  -  1,  2,  3 


C deputation  of  A^j  ■  +  bjbj  +  CjCj  i  f  J  and  i,  J  *  1,  2,  3 


thus  obtaining 


A12<  Al3>  sn^  ^23* 


3  ,  3 

Computation  of  B^  »  a^  l3Xi  -  ^  Xj  J  ♦  b^  [3Y^  -  JC  Yj  ] 

>1  J«1 


♦  c«  1 3Z±  -  Z.3 

J-l  J 


thus  getting*  bx,  B2,  and  B3. 


equations: 


Solution  of  the  values  of  the  distances  fro*  the  following  set  of 


"  ^l  +  *12  r2  +  *13  r3  -  Bi 
A 12  rl  “  ^2  +  *23  r3  ■  ®2 
a13  rl  +  *23  r2  •  ^3  ■  b3 


Specifically: 


r3  "  Bi  (*12  *23  *  ^13 j  +  B2  ^*12  A13  +  ^3^  ~  B3  ^*12  '  ^ 
2  2  2 

2  (A^  ♦  +  A23  +  A 12  A13  A23  -  U) 


r2  *  2  B2  ‘  *12  A1‘’  r’  *  *’'*  »’  "  2 


*12  B1  "  2  *2] 


A2  -  4 
*12  H 


rl  *  i  (Ai2  r2  ♦  A^  rj  -  B^) 


*In  the  cosQutations  a  scale  factor  of  25,000  was  used  to  reduce  the  aag- 
nltude  of  the  terns  In  brackets. 
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Soxution  of  the  set: 

*i  "  X1  +  ri  H 

Vi  *  *i  ♦  ri  2/  3 

H  =  2i  ♦  ri  ci 

Computation  of: 

3 

x  »  1/3  x< 

'  >1  -3 
y  -  1/3  £  yj 
3 

*  «  1/3  n  2 

j=i  J 

rounding  off  to  one  Aecima,  *lace.  The  t  value  is  the  height  above  the  (x,y) 
reference  plane  tangent  to  tue  earth  at  0.  To  correct  for  cur/ature  of  the 
earth  and  to  obtain  the  geometric  altitude,  Z,  above  seen  sea  level,  the  fol¬ 
lowing  corrections  were  applied: 

2  -  t  ♦  3939.7  + 

For  two  sets  of  data,  say  i  «  1,  3,  the  procedure  was: 

Given  (c1,  and  (^3,  «3),  bj  and  and  A13  are  defined  as  above 
Computation  of:  B^  »  a1(X1-Xj)  +  b^CY^-Yj)  ♦  C^Z^-Z^) 

B3  m  a^(X2"X^)  +  b^tY^^Y^)  ♦  03(23-2^) 

Solution  of:  -r^  +  A13  r3  -  3! 

a13  rl  *  r3  *  B3 

by  r 


rl  m  A13  r3  "  B1 

x^,  ,  and  z^  were  then  computed  as  described  above  and  x,  y,  and 

z  were  computed  as  Beans  of  these  vitb  Z  determined  as  above. 

For  each  flight  one  complete  calculation  was  carried  out  by  hand 
calculator  beginning  with  the  carefully  read  dial  readings  and  priaary  track¬ 
ing  corrections  for  one  frame  and  ending  with  the  spcce  position  and  residuals. 
These  results  were  then  compared  with  the  saue  computation  aade  on  the  SWAC 
electronic  computer.  If  the  results  were  not  the  same,  the  calculations  and 
coded  values  were  checked  to  locate  and  correct  the  errors.  A  three- dimensional 


x2  +  y2 
L,  903, 102 
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model  of  the  theodolite  tracking  system  vas  an  aid  In  studying  the  relation* 
ships  of  the  three  rays  from  the  computed  position  and  residuals.  Where  the 
litter  were  large  in  the  sample  computation  and  cert pin  flight  constants 

'-'at  -*)  vere  suspected  ar.d  liable  to  adjustment,  those  values  were  varied 
experimentally  to  effect  &  closer  grouping  of  the  points  on  the  rays. 

’/hile  it  required  at  least  one  day  to  compute  one  space  position  by  hand 
'■ilculator ,  the  SWA C  computations  vere  performed  in  several  seconds  per  point. 
Since  some  of  the  frames  had  data  from  three  stations  and  some  from  only  two 
stations,  a  "compare  cocanand"  vas  used  in  the  coded  routine  to  allow  SV/AC  to 
make  the  proper  choice  of  procedure.  The  values  of  x,y,z,  and  Z  and  corre¬ 
sponding  frame  number  vere  listed.  By  means  of  an  ingenious  supplementary 
coding  routine  prepared  by  Dovd,  Meteorology  Department,  U.C.L.A.,  the  residu¬ 
als,  -  x,  etc.,  vere  listed  in  three  columns  according  a*  they  applied  to 
x,y,  or  z  and  plotted  rs  numbers  i  {*1,2,3)  according  to  station.  Each  number 
vas  printed  a  distance  from  the  cen\er  line  representing  its  value  plus  or 
minus  in  units  of  5  feet.  These  differences  vere  quickly  and  easily  graphed, 
thus  providing  at  a  glance  the  relative  accuracy  of  any  position  determination. 


Evaluation  of  the  reduced  data.  The  overall  accuracy  of  the  computa¬ 
tions  is  unknown  becuusw  of  the  random  errors  and  tne  lack  of  a  standard  system 
against  vhich  to  compare  results.  However,  a  very  reliable  computation  of  the 
most  probable  position  and  the  degree  of  maximum  error  involved  vere  obtained 
by  the  above  procedure.  It  is  reasonable  to  assume  that  the  probable  position 
of  the  sailplane  so  calculated  is  closer  to  the  indeterminable  true  value  than 
are  the  points  determined  on  each  rcy;  certainly  this  is  so  in  the  average. 

The  residuals,  then,  are  extremely  conservative  as  estimates  of  the  accuracy 
and  prenent  the  near-maximum  error.  Large  values  of  the  residuals  are  of  the 
order  of  ilOO  feet;  some  ore  larger,  especially  at  greater  distances  from  the 
network.  But  those  are,  of  course,  absolute  errors  which  do  not  affect  the 
derivatives;  the  relative  errors  from  point  to  point  are  much  less  and  can  be 
nearly’  eliminated  by  smoothing.  For  the  horizontal  plot  of  the  positions  and 
subsequent  determinations  of  the  path  and  the  velocities,  the  accuracies  are 
entirely  satisfactory.  For  the  plot  of  the  altitude  in  a  vertical  plane  or 
in  a  tine  section,  the  relative  values  of  Z  are  generally  of  sufficient  ac¬ 
curacy  for  rout  subsequent  computations,  especially  when  smoothed  curves  are 
drawn,  but  for  certain  determinations  such  as  D  values,  the  uncertainty  in 
the  absolute  value  of  Z  is  important  and  oust  bo  considered.  The  residuals, 
in  all  cases,  give  an  estimate  of  the  magnitude  of  the  possible  error. 


Radar  data. 


The  intended  use  of  ro.dar  in  the  tracking  operations  v’as  to  provide 
continuity  in  the  measured  flight  path  of  the  sailplane  during  those  portions 
of  the  flights  when  clouds  or  dust  interfered  with  optical  tracking.  It  vas 
hoped  to  have  three  radar  sets  as  illustrated  in  Fig.  A.  5,  but  only  one  vas 
provided  as  there  was  greater  demand  for  them  in  military  operations  elsewhere. 
Camaras  pulsed  by  the  same  system  of  the  theodolites  recorded  the  dial  read¬ 
ings  of  tine,  elevation,  azimuth,  and  slant  range.  A  single  radar  unit  is 
capable  of  determining  the  position  in  apace  of  an  aircraft  with  a  degree  of 
accuracy  dependent  on  the  distance  of  the  object  and  rather  more  on  the  recency 
of  the  particular  model.  For  aoy  distance  from  the  object  tracked,  the 
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accuracy  in  slant  range  vas  such  greater  than  that  in  angular  measurements 
of  azimuth  and  elevation.  Mach  difficulty  vas  had  by  the  operators  in 
remaining  on  target,  probably  because  of  the  mountainous  terrain  and  the 
limitations  of  the  todel.  Perhaps  the  ineffectiveness  of  this  set  could  be 
ascribed  to  its  age.  Host  of  the  scanty  data  obtained  when  the  set  vas  be¬ 
lieved  to  be  on  target  vere  not  useful  because  the  dial  readings  vere  in¬ 
distinct  on  the  film  or  because  the  results  vere  doubtful.  However,  some 
use  vas  made  of  the  readings  recorded  manually  vhile  tracking  the  power  plane 
on  same  of  the  meteorogram  flights.  For  this  reason  a  brief  sumoary  of  the 
reduction  procedure  is  given  here. 

The  notations  used  are: 

t  time 

a  azimuth 

e  elevation 

r  slant  range;  distance  to  target  along  ray  described 

by  a  and  t 

s  horizontal  distance  to  target  projection  in  horizontal 

plane  measured  along  a 

H  height  above  station 

h  altitude  of  station 

Z  altitude  above  mean  sea  level 

Then  the  required  results,  knoving  the  location  and  reference  azimuth 
accurately,  are: 


s  ■  r  cos  c 
H  »  r  sin  c 
Z  «  H  +  h  ¥ 


41,930,102 


feet 


Raydlst  data. 


The  Raydist  system  and  data.  As  a  supplement  to  the  theodolite  netverk 
and  as  a  substitute  fur  unavailable  late-model  radar  sets,  a  Raydist  system 
vas  installed  in  the  Ovens  Valley  in  January  1952.  Raydist  is  an  electronic 
system  consisting  of  a  central  recording  station,  a  transmitter  carried  in  the 
object  being  tracked,  and  several  receivers  placed  at  verious  surveyed  loca¬ 
tions  in  the  tracking  region.  The  central  Raydist  van  vas  near  the  Manzanar 
control  van  and  the  five  robot  units  vere  placed  at  the  locations  shovn  on 
tlie  map  in  Fig.  1.2.  Signals  from  the  transmitter  ir.  the  sailplane  were 
received  by  the  five  units,  pairs  of  vhich  formed  the  various  baselines.  A 
phasemeter  at  the  master  station  measured  the  difference  in  phase  of  the 
signals  received  at  four  pairs  of  receivers  and  recorded  them  as  savtooth 
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traces  on  a  revolving  chart.  Th«  length  of  each  sawtooth  is  proportional  to 
the  distance  travelled  by  the  sailplane  along  that  baseline  in  the  correspond¬ 
ing  time  interval  indicated  by  the  chart;  wher  the  sailplane  w  flying 
sa sent! ally  parallel  to  a  baseline  the  sawteetn  were  closely  spaced  and  when 
flying  perpendicular  to  a  baseline  the  trace  was  essentially  a  straight  line. 

ZXnring  the  period  from  29  January  to  30  March  1952,  Kay  diet  vss  used  on 
9  tracking  flights;  some  of  the  data  duplicated  the  theodolite  coverage  while 
some  of  it  covered  Interesting  portions  of  the  flight  during  which  the  theodo¬ 
lites  were  off  target.  The  raw  Roy  diet  data  consist  of  the  brush  recordings  of 
sawteeth  traces  for  3  or  4  baselines,  a  time-base  tracing  synchronized  with  the 
theodolite  pulses  to  produce  "plpB"  at  the  sane  5*>econd  lnt vale  of  theodo¬ 
lite  photographs ,  all  supplemented  by  the  notes  of  the  techi.:  ,ian  in  the  van 
giving  identity  of  baselines  used,  time  correlations,  approximate  positions  of 
the  sailplane,  power  failures,  etc. 


Reading  and  measurement  of  the  data.  Even  more  then  the  reduction  of 
the  theodolite  data,  the  Raydist  reduction  problem  required  a  pioneering  ap¬ 
proach.  Raydist  had  previously  been  used  for  surveying,  measuring  the  speed  of 
ships,  and  other  two-dimensional  problems,  but  was  relatively  untried  in 
three-dimensional  track:'  ig;  it  hod  never  been  used  in  mountainous  terrain  or  on 
auch  an  erratic  target  a;  a  sailplane.  The  uncertainty  concerning  the  accuracy 
of  this  method  and  the  task  of  deriving  and  coding  a  routine  for  computing 
space  positions  were  lesser  problems  than  the  swre  basic  one  of  how  to  obtain 
relevant  numerical  data  from  the  brush  recordings.  Since  the  Raydist  method  is 
based  on  the  measurement  of  differences,  its  recordings  are  relative  vsdurs  or 
first  derivatives  and  the  assignment  of  absolute  values  depends  upon  knowing 
an  initial  space  position  rather  accurately.*  Hence,  one  of  the  limitations 
of  the  method  is  that  It  is  dependent  on  the  results  of  some  theodolite  com¬ 
putations  and,  therefore,  the  solution  of  the  many  Raydist  problems  had  to 
wait  upon  the  completion  of  the  theodolite  computations. 

In  order  to  calculate  the  position  in  space  of  the  transmitter  at  & 
particular  time,  it  was  required  to  know  the  exact  locations  of  the  receivers, 
the  frequency  of  the  transmitter,  and  a  numerical  value  from  each  of  the  fovx 
sawteeth  traces  at  the  appropriate  time.  This  value  consisted  of  a  whole 
number  pertaining  to  the  whole  sawtooth  and  a  fractional  part  determined  by  the 
intersection  of  the  time  line  vlth  the  sloping  side  of  the  asymmetric  sawtooth. 
The  complete  figure  represented  the  distance  in  terms  of  wave  lengths  along  or 
parallel  to  that  baseline;  the  direction  of  the  sloping  surface  of  the  tooth 
indicated  whether  the  sailplane  was  moving  in  a  positive  or  negative  sense  with 
respect  to  tnat  baseline.  From  the  values  one  could  obtain  slant  ranges  from 
each  of  the  receiver  stations  and  eventually  the  space  coordinates  with  respect 
to  the  reference  system  with  its  origin  at  Raydist  #1,  Independence.  Computation 
of  successive  positions  of  the  sailplane  was  dependent  on  assignment  of  the 
correct  whole  value  to  the  successive  sawteeth  and  t  s  continuity  of  a  distinct 
trace,  l.e.,  no  ambiguity  in  the  identity  of  an  individual  tooth  because  of 
"noise." 


Early  attempts  to  label  sawteeth  by  hand  and  to  compute  positions  at 


*It  was  attempted  to  satisfy  this  requirement  by  bringing  the  sailplane  to  a 
surveyed  reference  point  on  the  Manzanar  air  field  at  the  beginning  and  end  of 
each  flight,  but  the  portion  of  the  Raydist  traces  recorded  at  those  times  were 
garbled  due  to  the  proximity  of  the  terrain. 


the  Institute  of  Numerical  Analysis  (I.I.A.)  in  1952-3  failed  to  give  reason¬ 
able  results.  After  the  coe^leticn  of  most  of  the  theodolite  computations 
in  1951,  the  Raydist  problem  was  again  attacked  toy  the  project  teas.  James 
Dowd  undertook  to  code  the  routine  for  confutation  on  SWAC  and  Robert 
Cayouette,  vho  had  monitored  and  maintained  the  Ray  diet  system  in  the  Oven* 
Valley,  vae  hired  as  a  consultant  in  preparing  the  routine  and  in  reading 
the  records.  By  courtesy  of  the  Benson- Lehner  Coeqpany  of  Los  Angeles,  an 
"OGCAR"  (oscillogram  analyser  and  recorder)  data  redaction  system  was  loaned 
to  the  project.  Ails  innovation  made  possible  the  recording  of  the  useful 
Raydist  measurement*  in  a  very  small  fraction  of  the  time  required  toy 
manual  methods. 

Data  chosen  for  reduction  were  those  for  which  there  was  some  over¬ 
lapping  with  theodolite  tracking  and  for  which  there  was  simultaneous  sailplane 
camera  data.  ftcm  several  known  positions  the  slant  ranges  and  finally  the 
savteeth  values  were  coaputed  and  the  teeth  labeled.  Often  there  were  dis¬ 
agreements,  usually  toy  one  count,  and  those  were  resolved  toy  choosing  the 
most  reliable  theodolite  fix  as  the  starting  point  and  all  teeth  labeled 
consecutively  on  either  side  of  that  time. 

Reading  was  performed  by  advancing  the  chart  in  the  "OGCAR"  viewer, 
moving  the  reference  line  to  the  pip  marking  a  theodolite  pulse,  punching 
out  on  the  keyboard  the  "whole  count"  figures  of  the  savteeth  on  each  of 
the  four  base  lines,  and, by  bringing  each  of  the  sloping  reference  lines  of 
the  machine  in  conjunction  with  the  time  and  the  savteeth  curves,  allowing 
the  machine  to  measure  and  record  the  fractional  readings.  The  work  proceeded 
rapidly  as  the  machine  automatically  recorded  the  data  from  the  four  baselines 
together  with  the  frame  number  on  a  punch  card,  and  simultaneously  typed  the 
some  information  on  a  3heet  of  paper  for  proofreading. 


Computation  of  space  positions.  The  following  notation  and  formulas 
explain  the  reduction  procedure. 


c 

speed  of  transmission  *  186,218  miles  per  second. 

f 

frequency  of  signal  -  1,742.4  kc. 

X 

wave  length  of  the  signal  ■  564.297  feet. 

X/2 

half  wave  length  -  282.148  feet  along  the  baseline. 

Rij 

phasemeter  reading  (sawtooth  number)  along  baseline  i,j. 
(i  -  0,1, 2,3, 4  and  i  >  J). 

linear  distance  (baseline)  between  tiro  receivers  i  and  j. 
(i  «  0,1,2, 3,4  and  i  f  j). 

UiJ 

»  dij  -  Xr1i3 

Pi(Xi,Y1,21) 

position  of  receiver  i  with  respect  to  receiver  0  at  0 
(origin  of  coordinate  system). 

P(x,y,z) 


position  of  sailplane  with  respect  to  0 


approximate  position  of  sailplane  with  respect  to  0 


x.y.z ) 

=  P/P  «■  magnitude  of  position  vector  (or  slant  range)  of 
sailplane  from  receiver  i, 

baseline  to  origin  0  (receiver  0)  from  station  i. 

ir  OP  a  magnitude  of  position  vector  of  sailplane  from  origin  0. 

■  d,  -  Xn,  «  rt  ■  tq. 

•.,A>';Az  •-  residuals  of  x  -  x,  y  -  y,  and  2  -  "z, 

^,b^,c^  determinants  defined  in  equations  below. 

With  reference  to  the  definition  of  terms  in  the  above  list,  the 
;mputational  steps  were: 

]  Determination  of  values  FU  from  data  Rij,  the  constants  X  and  d-jj, 
ad  the  geometric  constants  Pi  (X^,Y.(,Z^). 

ii,  u^  *=  -  XR^.  (2) 

iii.  From  the  law  of  cosines: 

(I'i'}2  =  (r0')2  +  -  2  rQ  di’  cos  cp 

(where  primes  indicate  projection  on  the  (x,y)-planc),  and  from 
he  geometry  of  the  problem  : 

ri2  =  r02  +  di2  "  2(xX-i  +  yYi  +  zZi) 

hen,  from  the  identity  ui  =  r.^  -  rQ, 

xX1  +  yY*  +  z Z±  +  vQ  u±  -  £  (di2  -  ui2)  u  AFj, 

If  P(x,.y,z)  were  known  exactly,  i.e.,  if  it  represented  the  true  space 
position  of  the  sailplane,  AFi“0.  However,  because  of  inevitable  errors  in 
^he  techniques  of  measurement,  AF  /  0  and  the  x,y,z  values  determined  in 
she  problem  are  actually  some  approximate  values  £,y,z.  So  the  equation  used 
•ns : 


x  Xi  +  y  Yi  +  z  Z±  +  rQ  uA  -  \  (di2  -  u^2)  =>  AF^  (3) 

iv.  From  Maclaurin's  Theorem,  retaining  the  first  order  terms  of  the 
series  and  considering  the  total  differential  rtF^  =  Ap^: 

SF^/dx.  Ax  +  dF^/'dy  Ay  +  QF^/dz  Az  =  AF^ 

Now,  AF^,  Ax,  Ay,  and  Az  exist  while  (x,y,z)  {  (x,y,z).  Then  T$i  ap« 
proximatec  the  change  in  Fj.  resulting  from  addition  of  increments  Ax,  A> , 

A  z  and  : 


v.  Using  £,$■,£  in  (3),  solve  for  The  value  of  P(x,y,*)  used 

for  the  first  point  is  that  of  a  theodolite  caeqputation. 

vi.  In  (4)  solve  for: 

*i  *  (^Fj/BxJg  “  Xi  +  ui  VrQ 

-  (aFi/ay^  “  +  u!  y/r0 

-  (aFj/dz)-  *  Zj  +  ut  z/r0 

thus  getting  four  equations  with  three  unknowns  in  the  fora: 

a^  Ax  +  Ay  +  c^  Az  »  AFA 
and  solving  these  hy  the  method  of  determinants . 

vii.  Then  putting  x  +  Ax  »  x,  etc.,  the  problem  beginning  with  (3) 
was  iterated  with  (x,y,z)  until  Ax,  Ay,  Az,  and  Ay^— — ♦  0.  After  a  sufficient 
number  of  iterations  the  resulting  values  of  x<,  y±,  and  were  tabulated 
together  with  their  arithmetic  means  which  values  x,/,z  were  considered  to 
represent  the  most  probable  position  of  the  sailplane  or  nearest  possible 
approximation  to  the  true  porition.  This  position  was  than  used  aa  the 
P(x,y/z)  for  the  computation  of  the  next  5-£*cond  point,  and  so  on,  with  a 
further  refinement  presently  described,  to  the  end  of  the  data. 

It  was  known  that  there  were  certain  errors  in  the  phasemeter  and 
recording  apparatus  of  the  Raydist  system  that  affected  the  reliability  of 
the  recorded  data.  Further,  a  possible  error  in  numbering  a  sawtooth  would 
be  propagated  through  the  entire  proolem  thus  resulting  in  serious  errors 
in  the  positions.  Thus  it  was  necessary  to  have  some  check  on  the  relative 
accuracy  of  the  determination  as  well  as  same  means  of  correcting  for  an 
error  in  nuntoering.  These  requirements  made  the  coding  problem  especially 
difficult  and  involved.  Dowd  coded  an  elaborate  sub-routine  which 
computed  the  corrections  to  be  applied  to  the  values  Rjj  in  order  that 
P  (xj,y^,zi)  *  P(x,y,x);  and  applied  tno6«  corrections  to  the  values  Rj. 
of  the  next  3-second  point.  The  process  was  repeated  fcr  that  point,  the 
corrections  determined,  applied  to  the  next  point,  etc.  The  values  x,y,z  and 
Xi,yi,Zi  were  tabulated  together  with  the  flight  and  frame*  number. 


Accuracy  of  results.  It  was  found  that  the  path  of  the  sailplane 
based  on  Raydist,  and  determined  by  SWAC,  differed  from  that  determined  by 
photo- theodolite  s  by  100  to  1000  ft  is  x  or  y  but  by  100  to  3*000  ft  or 
more  in  Z.  It  was  believed  that  the  large  errors  in  Z  were  caused  by  the 
fact  that  the  hyperboloids,  described  by  the  phasemeter  readings  and 
treated  by  the  above  equations,  intersected  in  a  very  rt-jlI I  angle  in  the 
vertical,  thus  making  the  determination  of  Z  extremely  sensitive  to  inevitable 
errors  of  measurement.  Also,  the  occasional  choice  of  rtgative  values  of  Z 
or  of  an  abrupt  displacement  of  the  path  in  the  (x,y)-place  appear  to  be  a 
result  of  such  ambiguities  of  the  computational  technique.  Gaps  In  the 


#in  continuity  with  theodolite  frame  numbers  for  the  same  flight. 
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Ray diet  path  appeared  where  the  data  could  not  be  recorded  because  the  brush 
recordings  were  indistinct.  A  punching  error  in  the  fractional  part  of  the 
phasemeter  (sawtooth)  reading  resulted  In  the  point  being  displaced  fro* 
tae  smooth  curve  Joining  adjacent  points  and  could  be  corrected  for.  Where  the 
path  was  Abruptly  displaced  by  1,000  or  2,000  ft.  parallel  to  itself,  the 
usefulness  of  the  date  was  relatively  unimpaired  since  It  still  provided 
velocity  data  of  s  sufficient  degree  of  accuracy.  The  Kaydlst  data,  then, 
provided  two- dlmaas lonal*  trajectory  data  that  were  adequate  for  position  and 
velocity  determination  in  the  (x,y)-plsne  but  not  in  the  vertical  plane. 
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APPENDIX  B  j 

i 

ALTBETRY  ! 

\ 

Introduction.  ! 


Appendix  B  has  Been  added  aa  a  background  and  supplement  to  Chapter 
9.  Pressure  parameters  and  the  aethoda  of  pressure-height  computations  are 
discussed  with  examples.  The  final  section  describes  the  effect  of  lee  waves 
on  radiosonde  balloon  measurements* 


Altimetry. 


Standard  atmosphere,  pressure  altitude,  and  D  value.  One  of  the  most 
useful  and  intuitively  satisfying  concepts  in  meteorology  is  that  of  a 
realistic  standard  atmosphere  to  serve  as  a  reference  for  the  changing  rela¬ 
tions  among  pressure,  tenperr.trre,  and  altitude  in  the  vertical.  The  U.3. 
Standard  Atmosphere  is  summarized  aa  follows: 

Pressure  p  at  mean  sea  level  (Zp  »  0)  »  1,013.25  mb  or  29.92  in. 

Temperature  Tp  at  mean  tea  level  (Zp  »  0)  *  +  15°C. 

Lapse  rate  of  temperature  in  troposphere  »  ♦  6.5°C  per  km. 

Tropopause  at  Zp  *  35 » 332  ft,  p  *  234  mb,  Tp  *  -  55°C. 

lower  stratosphere:  Tp  *  -  5>°C  (isothermal). 

Acceleration  of  gravity:  gp  ■  960-665  era  sec"^  at  any  f  and  any  Z. 

The  air  is  assumed  to  be  a  perfect  gas,  to  contain  no  water  vapor,  and  to  be 
in  hydrostatic  equilibrium.  Pressure  altitude,  Zp,  is  simply  the  altitude 
at  which  a  given  pressure  is  found  in  the  U.S.  Standard  Atmosphere;  any 
pressure  is  uniquely  defined  by  its  pressure  altitude  and  vice  versa.  A 
similar  one  to  one  relationship  exists  between  standard  temperature  Tp  and 
either  p  or  Z^  in  the  troposphere.  9 

Bellamy  (1945)  has  introduced  the  parameter  5*,  the  "virtual 
temperature  anomaly"  defined  by 

S*  *  — — ^2  where  T*  ■  T 

Tp  a  g 


where 


m'  ■  molecular  weight  of  air 
-  molecular  weight  of  dry  air 
g  *  acceleration  of  gravity 


By  this  means  the  actual  height  difference  or  thickness  between  two  isobar ic 
surfaces  can  be  expressed  as 

AZ  ■  (1  +  3#)  (Zj,2  -  Zpi) 

Bellany  also  introduced  the  "altimeter  correction"  or  D  value  defined 
by  D  *  Z  -  Z-  to  represent  the  difference  between  the  actual  height  of  a 
pressure  surface  at  any  point  in  the  real  atmosphere  from  its  .  eight  in  the 
Standard  Atmosphere.  As  such,  it  is  an  extremely  useful  parameter  in  both 
meteorological  analysis  and  aircraft  flight  operations.  It  simplifies  and 
coordinates  three* dimensional  pressure  analysis:  on  isobar ic  charts  contour 
lines  of  constant  Z  can  bs  made  mors  meaningful  when  re-labeled  according  to 
their  equivalent  D  values;  and  in  a  vertical  cross  section  it  is  the  best 
representation  of  the  pressure  field,  contours  and  isobars  both  being  im¬ 
practicable.  This  single  parameter,  while  defining  the  three-dimensional 
pressure  field,  carries  in  its  analyzed  pattern  of  isoline.  Inferences  of  the 
temperature  and  wind  fields  as  veil.  In  this  connection  the  following  famil¬ 
iar  formulas  have  been  derived  by  Bellamy: 

Hydrostatic  equation:  dD/3Zp  -  S*  and 

’  %  -  *L  *J\  s*  azp2-  s*  (Zp2  -  Zp1) 

Geostrophic  wind  equation:  Vg  »  -  (g/29sln<p)(dD/dn)p 

In  the  horisontal  plane  or  on  a  constant  pressure  (isobarlc)  surface 
above  the  friction  layer  the  geoetrop'nic  wind  blows  along  the  D  lines  with 
low  values  of  D  to  its  left  (northern  hemisphere)  and  with  a  speed  propor¬ 
tional  to  the  isobarlc  gradient  of  0. 

In  the  vertical  plane,  D  increases  with  height  when  the  mean  tempera¬ 
ture  of  the  layer  la  varmer  than  that  of  the  Standard  Atmosphere  and  de¬ 
creases  with  height  when  the  mean  temperature  of  the  layer  is  colder  than 
that  of  the  Standard  Atmosphere  and  at  a  rate  proportional  to  the  difference. 
Maxima  and  minima  of  D  in  a  vertical  air  column  are  found  where  the  actual 
sounding  crosses  the  Standard  Atmosphere  sounding.  The  speed  of  the  geo- 
s trophic  wind  component  normal  to  the  vertical  plane  is  proportional  to  the 
isobarlc  gradient  of  D  in  the  plane,  and  its  direction  into  or  out  Aren  the 
plane  la  determinable  from  the  direction  of  the  isobarlc  0  gradient  in  the 
plane. 


Two  graphs  for  determining  D  values  free  surface  and  upper  air  pres¬ 
sure  data  are  shown  in  Pigs.  B.l  and  B.2.  In  Fig.  B.l  the  relationship  among 
surface  pressure  (p),  pressure  altitude  (Zp),  D  value,  and  altimeter  setting 
(a),  at  the  Bishop  Weather  Bureau  station  Is  plotted  in  such  a  way  that  given 
any  one  of  the  four  quantities  the  other  three  can  be  readily  found.  In  Fig. 
B.2  the  D  value  corresponding  to  any  height  of  the  standard  isobarlc  surfaces 
can  be  quickly  determined  from  the  coded  values  of  the  heights  as  given  in 
teletype  reports. 


Gravity  variations.  At  45°  latitude  the  value  of  the  acceleration  of 
gravity  at  sea  level  has  been  determined  equal  to  930.616  cm  per  sec.  From 
the  Smithsonian  Tables  (1951)  the  following  formulas  are  applicable  to  the 
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In  general;  K  ■  fla/g  l/hore  ■  specific  go*  constant  for  dry  air.  If 
g  is  taken  equal  to  980  cm  s'2,  K  ■  96. 09494  geopotentlol  feet  per  ®K. 

TV  use  of  geopotential  units,  in  which  gravity  is  ass’si.ed  constant  ■ 
j'J,0  zm  e“2  at  all  latitudes  end  all  elevations,  has  been  adopted  by  the 
U.3.  "eather  Bureau  to  simplify  the  calculation  of  heights  from  radiosonde 
data.  All  contours  on  upper  air  isobaric  charts  a re  labeled  in  units  of 
geopotential  feet.  The  relationship  between  geopotential  height  and  geo¬ 
metric  height  in  neters  is  given  by 

(2)  -  1/9.8  /QU  g  d 2 

From  this  equation  it  can  be  seen  that  if  g  is  less  than  980  cm  s'2, 
the  true  (geometric)  height  is  greater  than  the  geopotentlol  height;  and  if  g 
is  greater  than  98O  cm  s'2,  the  true  (geometric)  height  is  less  than  the  geo- 
potential  height.  As  a  conservative  illustration  of  this  the  following  rela¬ 
tionship,  derived  from  page  222  or  the  Smithsonian  Tables  (1931),  bolds  for 
latitude  37°N,  that  of  the  High  Sierra  region;  for  comparison  purposes, 
values  over  the  equator  and  poles  are  given  for  the  sane  5  altitudes: 


Table  B.l. 

Geopotential  ] 

Height  vs  Geometric 

Height 

♦  »  90° 

t  -  3  7° 

t  -  0° 

Z« 

z 

Z 

Z 

gpft 

ft 

ft 

ft 

10,000 

9,974 

10,006 

10,023 

20,000 

19-954 

20,022 

20,059 

30,000 

29,944 

30,045 

30,105 

40,000 

39,944 

40,081 

40,158 

50,000 

49,954 

50,125 

50,223 

Over  the  United  States  the  differences  between  geometric  and  geopo¬ 
tential  heights  are  relative ly  negligible  for  all  practical  purposes,  the 
error  due  to  the  variations  of  g  probably  being  of  the  same  order  of  magni¬ 
tude  as  the  error  in  determining  T*  from  temperature  and  humidity  measure¬ 
ments. 


Since  pressure  altitude  in  the  Standard  Atmosphere  is  actually  in 
terms  of  a  special  unit  of  geopotentlol  (3p  »  980,665  cm  s“2)  the  thicknesses 
for  the  Standard  Atmosphere  are  also  somewhat  different  from  geopotential 
(radiosonde)  heights  and  rather  more  from  true  (geometric)  heights  even  if 
the  mean  temperatures  are  those  of  the  Standard  Atmosphere.  To  sunsarlte 
these  somewhat  trivial  differences  by  means  of  equation  (l)  the  following 
formulas  are  listed; 
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True  or  geometric  height:  AZ  -  Hd/c  T*  in  p^/pg 


Sta;  dard  Atmosphere : 


4Zp  -  Rd/0p  Tp  in  P1/P2 


Ceop<  tentiai  or  radiosonde:  AZg  »  R^/9-c1  T*  In  P1/p2 

The  much  more  important  relationship  tetveen  gcooetrlc  altitude  (or 
ceopotcntial  altitude  if  g  *  960)  and  pressure  altitude  can  be  represented  by 


(3) 


tz  n  (^/TpJCgp/g^Zp 


In  the  real  atmosphere  the  effect  of  temperature  on  actual  thicknesses 
between  pressure  surfaces  is  far  greater  than  the  effect  of  differences  of 
gravity.  Some  implications  of  equations  (1),  (2),  and  (3)  relevant  to 
aircraft  operations  and  meteorological  aeasureikr.ts  are: 

1.  If  the  true  geometric  height  above  sea  level  of  a  sailplane  or 

radiosonde  balloon  were  precisely  determined  by  triang’ilation  at  latitude 
37°K,  and  altitude  ft,  if  furthernore  the  vertical  temperature- pressure 

rounding  from  the  yro—.id  to  the  sailplane  or  balloon  were  precisely  knovn,  and 
if  there  vere  no  vcrtica.  accelerations  in  the  air  column,  the  geometric  height 
vould  exceed  the  cocnuted  geopotential  height  by  about  102  ft. 

2.  If  in  the  above  exanple  the  temperature-pressure  curve  vere  exactly 
that  of  the  Standard  Atmosphere  the  geopotential  altitudes  and  the  pressure 
altitude  vould  be  nearly  ejual  (12  ft)  at  all  level!  while  the  geometric 
altitude  would  exceed  them  by  the  amounts  in  Table  B.l.  Thus  the  D  value  at 
4^,000  ft  determined  by  a  tracked  radiosonde  balloon  vould  be  either  0  or 
♦102  ft,  depending  on  whether  Zg  or  Z  were  used.  (In  general  practice  it  is 
Z„  that  is  used. ) 

a 

3.  Neglecting  the  small  diffe-  ence  between  true  gravity  and  a  standard 
gravity,  in  equation  (3),  if  the  mean  temperature  of  the  air  coham  between 
two  lsobaric  surfaces  is  warmer  (colder)  than  that  of  the  Standard  Atmosphere 
the  geometric  or  geopotential  distance  or  thickness  between  those  two 
surfaces  is  greater  (less)  than  that  of  ti  e  Standard  Atmosphere  by  the  same 
proportion  an  the  respective  nean  temperatures. 


Sffect3  of  lee  waves  or.  radiosonde  ascents.  If  a  radiosonde  balloon 
weie  released  from  the  east  slope  of  the  Sierra  into  the  streamline  and 
temperature  fields  of  a  strong  lee  wave,  it  vould  encounter  successively  a 
downdraft,  a  trough,  an  updrrJt,  a  crest,  a  downdraft,  and  so  on,  while 
generally  rising  and  drifting  do  .nsurean.  The  rcs’ilting  ’’sounding"  vould  be 
c  ibject  to  ais  interpretation  if  :onsiiered  to  be  ver  ■•cal.  To  see  this, 

0  ie  can  imagine  that  in  its  traverse  of  the  downdraft  region  the  balloon 
v  11  encounter  each  successive  ©  surface  at  a  loafer  altitude  until  it  reaches 
t.  '?  trough  and,  consequently,  the  9  ascendant  is  exaggerated  so  that  the 
"  ounding''  appears  more  stable  than  is  ary  true  vertical  sounding  in  the 
wave  flow.  I.2  the  balloon's  traverse  of  an  updraft  region,  the  reverse  is 
true;  each  successive  9  surface  i:  encountered  at  a  higher  altitude  until 
the  crest  is  reached  and  the  ''sou-.ding"  appeal’s  nearer  to  the  adiabatic  lapse 
rate  than  any  true  vertical  sounding  in  the  flow.  The  computation  of  heights 
of  pressure  surfaces  from  these  into,  however,  leads  to  values  which  are 
conservative  with  respect  to  those  which  would  result  from  vertical  soundings 
in  either  a  trough  or  crest,  and  therefore  would  not  differ  greatly  from 
th.  se  of  nearby  (upwind)  stations  in  undisturbed  flcv. 


